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Studies of the structure of potassium channel KcsA in the open conformation and the effect of 
anionic lipids on channel inactivation 
Dongyu Zhang 
Membrane proteins play a vital role in cellular processes. In this thesis, we use KcsA, a prokaryotic 
potassium channel, as a model to investigate the gating mechanism of ion channels and the effect 
of anionic lipids on the channel activity using solid-state NMR spectroscopy.  
 
KcsA activity is known to be highly dependent on the presence of negatively charged lipids. 
Multiple crystal structures combined with biochemistry assays suggest that KcsA is co-purified 
with anionic lipids with phosphatidylglycerol headgroup. Here, we identified this specifically 
bound, isotopically labeled lipid in the protein 13C-13C correlation spectra. Our results reveal that 
the lipid cross peaks show stronger intensity when the channel is in the inactivated state compared 
to the activated state, which indicates a stronger protein-lipid interaction when KcsA is inactivated. 
In addition, our data shows that including anionic lipids into proteoliposomes leads to a weaker 
potassium ion affinity at the selectivity filter. Considering ion loss as a model of inactivation, our 
results suggest anionic lipids promote channel inactivation. However, the surface charge is not the 
only physical parameter that regulates channel gating or conformational preference. We found that 
the channel adapted to different conformations when reconstituted into liposome either made of 
DOPC or DOPE, two zwitterionic lipids.  
 
Also, we were able to stabilize the open-conformation of KcsA in 3:1 DOPE/DOPG liposome at 
pH 4.0 and acquired several multi-dimensional solid-state NMR experiments for site-specific 
 resonance assignments. This is the first time that we obtain wild-type full-length KcsA structural 
information on the transient state. The structure is not only important for understanding channel 
gating, but can also serve as a homology model for investigating drug binding with more 
complicated potassium channels such as human voltage gated channel (hERG).  
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1.1 Cell membrane and membrane proteins 
The cell membrane serves as a natural barrier between  living cell organelles and the extracellular 
environment. It consists primarily of the phospholipid bilayer and embedded membrane proteins, 
which together facilitate basic cellular processes, such as signaling, transport and recognition1.   
Phospholipid is an amphiphilic molecule that consists of two hydrophobic fatty acid tails and a 
hydrophilic head group containing phosphate.  Due to the hydrophobic property of fatty acid 
chains, membrane is not permeable to water soluble molecules and therefore the import and export 
of ions and small biological molecules are modulated by membrane proteins such as ion channels. 
Lipid compositions of the bilayers are different in various cells and organelles. In animal cells, 
membranes contain mainly cholesterol and phospholipids including phosphatidylcholine (PC), 
phosphatidylethanolamine (PE), phosphatidylserine (PS), and sphingomyelin. The two main 
classes of bacteria, Gram-positive and Gram-negative, are different in cell wall and cell membrane 
components as well.  Gram-positive bacteria have a thick cell wall made of peptidoglycan and a 
single membrane, while Gram-negative bacteria have two layers of membrane and a periplasmic 
space sandwiched in between. The components of the inner monolayer of the outer membrane of 
Gram-negative bacteria and the inner membrane of both bacteria are phosphatidylglycerol (PG), 
phosphatidylethanolamine (PE) and cardiolipin (CL)2. However, the proportions of these lipids are 
considerably different among bacteria species.  
 
A lipid bilayer is a rather dynamic and heterogenous environment that is subject to changes to 
facilitate  cellular activities.  Under physiological conditions, membrane of naturally occurred 
phospholipids is fluid in a liquid disordered phase (ld). In eukaryotic cells, fatty acids of 
phospholipids usually contain one or more unsaturated bonds that give rise to more kinks and 
 2 
decrease the packing orders. Bacteria phospholipids, however, tend to be shorter and more 
saturated3. The inhomogeneity of the membrane shows in asymmetric arrangement of 
phospholipids and the formation of microdomain and lipid rafts. One example of the asymmetric 
arrangement of membrane is the Gram-negative bacteria outer membrane with phospholipids on 
the inner leaflet and phospholipids, proteins and modified lipids molecules on the outer leaflet. 
The lipid raft refers to a lipid domain that is rich in cholesterol or  sphingolipids. The existence of 
such relatively rigid and ordered micro-environment  challenged the original fluid-mosaic model, 
but has been proved to be crucial for  membrane protein function5 and the alteration of the lipid 
components in the lipid microdomain could lead to malfunction of membrane proteins and has 
been associated with human diseases such as Alzheimer’s, Parkinson’s and prion disease6.  
 
In mammalian cells, membrane proteins constitute about 30% of the organism’s genome9, 
contribute to 50% of the weight of a mammalian cell membrane, and have essential roles in various 
physiological processes. Interactions  between lipids and membrane proteins are crucial to 
maintain the structure and function of membrane proteins. The interactions are separated into two 
categories. First is the nonspecific interaction, which refers to a layer of the motional restricted 
lipids on the surface of membrane proteins, called an annular shell7. These lipids, first identified 
from ESR studies of spin-labeled lipids, exhibit a low binding affinity to membrane proteins. 
However, as the ion channel goes through conformational rearrangement to control the flux of 
substrates in and out of the inner cellular environment, the interactions between the annular shell 
and the membrane proteins has to keep the cell membrane sealed. The second category is specific 
interactions, which are usually discovered from co-purification. These non-covalent, tightly bound 
lipids are usually located at the protein-protein interface and modulate the structure and function 
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of associated membrane proteins. Such lipids have been found in over 100 X-Ray diffraction, 
electron crystallography and NMR data8.  
 
1.2 Potassium channel  
Potassium ion channels exist in virtually all living systems and play crucial roles in many cellular 
processes, such as setting and resetting action potential in excitable cells and regulating cell  
volumes and secretions in non-excitable cells by allowing potassium ions diffusing across the 
membrane. In general, potassium channel is a tetramer that consists of two main parts:  a highly 
conserved pore-forming domain that transporting K+ and a regulatory domain that senses stimuli. 
Based on the ways that regulatory domain gates the channel , potassium channels are characterized 
to voltage gated (Kv)10 with six transmembrane helices (TMs), inwardly rectifying (Kir)11 with 
two TMs, tandem  pore domain (K2P12) with 4 TMs and ligand gated13 with two or four TMs.  
 
1.2.1 Pore-forming domain and selectivity  
The pore-forming domains of potassium channels share a conserved signature sequence, TVGYG, 
called selectivity filter. One of the most remarkable features of potassium channel is maintaining 
the near diffusion-limited conduction rates, 107 /s, while being highly selective for  K+.  This 
paradox was resolved with the first ever high-resolution x-ray crystallography structure of a 
potassium channel, KcsA,  from soil bacterial Streptomyces lividans14.  KcsA is  17.6 kDa homo-
tetramer with two TMs in each monomer. Although relatively simple and small compared to many 
other potassium channels, KcsA serves as a good model for understanding channel gating 
mechanism.  The atomic structure of KcsA reveals four evenly spaced K+ binding sites made up 
by carbonyl oxygens of the selectivity filter residues (Figure 1.1). At each binding site, a potassium 
ion is  surrounded by eight oxygen atoms that mimicking the oxygens from water molecules in the 
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hydrated form. Such arrangement enables potassium ions, but not other monomeric ions,  to diffuse 
from water into the selectivity filter without energetic cost. Intuitively, high ion binding affinity is 
necessary to discriminate K+ from other ions , whereas fast conduction requires weak binding for 
ion release.  MacKinnon et al. suggest that ion repulsion between potassium ions make it 
energetically unstable to occupy neighboring sites and therefore only two of the ion binding sites, 
S2 and S4 or S1 and S3 are occupied at a time with water molecules occupy the other two sites. 
Once a third K+ enters from the intracellular side and approaches  the selectivity filter position S4, 
the potassium ion on S1  will be released. This process matches with the knock-on mechanism 
proposed in 1955 by Hodgkin and Keynes15. In summary, the repulsion between potassium ions 
in the selectivity filter lowers the K+ binding affinity and thus high conduction rate can be 
achieved.  
 
Figure 1.1 The ion conduction pore of K+ channels. A. Two of the four subunits from the KcsA 
pore from the KcsA pore are shown with extracellular side on top. Each subunit contains an 
outer helix closed to the membrane, an inner helix close to the pore, a pore helix (red) and a 
selectivity filter (gold). Blue mesh shows electron density for K+ ions and water along the pore. 
B. closed -up view of the selectivity filter with dehydrated K+ ions at position 1 through 4 
(external to internal) inside the filter with dehydrated K+ ion in the center cavity below the filter. 
The figure and caption is adapted from Zhou et al. 16. 
 
 
1.2.2 Gating and inactivation 
The gating cycle refers to the process of opening  or closing of the channel, which involves the 
structural rearrangement of both selectivity filter and the inner gate. The inner gate, also called 
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activation gate, is the helix bundle at the C-terminus near the membrane-water interface. At resting 
state/deactivated state, the selectivity filter is conductive, whereas the helix bundle crossing 
narrows the pore and prevents ions from entering. Therefore, the channel is not conductive. Once 
the regulatory domain senses the stimuli, the inner gate opens and allows ions to flow through the 
membrane. Shortly after opening, the channel enters a nonconductive state again by a process 
called inactivation. Distinct from deactivation, the stimuli that activate the channel is still present 
and the inner gate remains open in the activated state. There are two main mechanisms of 
inactivation: a fast N-type inactivation and a slow C-type inactivation. N-Type inactivation, also 
called  ball and chain inactivation, is a fast process in which the cytoplasmic side residues 
physically block the pore and stop the ion flow across the membrane. C-type inactivation, which 
is more common in potassium channels, refers to the subsequent structure rearrangement at the 
selectivity filter that coupled to the opening of the inner gate. The molecular mechanism of C-type 
inactivation of KcsA is proposed based on a series of crystal structures with different degree of 
inner gate opening17. C-type inactivation of KscA is further discussed with more details in Chapter 
2 and chapter 3 in this thesis. Inactivation process modulate the firing pattern of neurons and the 
malfunction of this process can lead to sever neurological disorder. For instance, the inactivation 
process of the human voltage gated cardiac potassium channel Kv11.1 (HERG) is critical for 
normal cardiac repolarization and malfunction  is related to arrhythmia18.  
 
1.2.3 KcsA as a model 
In this thesis, we use KcsA as a model to investigate the gating mechanism of potassium channel 
and the effect of anionic lipids on the channel activity. KcsA, first discovered in 1995 by Schrempf 
et al., is a pH gated prokaryotic potassium channel.  Given  the high sequence homology especially 
at the pore-domain and relatively high over-expression yield, KcsA has been used as a model for 
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gaining insight in structure and dynamics of larger and more complicated eukaryotic potassium 
channels. In 1998, the MacKinnon group solved the first-ever crystal structure of KcsA with 3.2 
Å resolution by removing the C-terminus cytoplasmic domain14. This marked as a milestone in 
structural biology that people view the architecture of an ion channel for the first time. Later on, 
higher resolution structures were obtained by stabilizing the channel with monoclonal Fab 
fragments at the channel turret on the extracellular face of the channel16. Up to date, there are 71 
KcsA structures deposited in the Protein Data Bank, including 63 X-ray crystal structures, 7 
solution NMR structures and one EPR and crystal hybrid structure. These numerous structures 
together build the foundation of our understanding of important  ion channel features, such as 
mechanisms of selectivity, ion conduction and inactivation. KcsA has been used as a homology 
model for learning drug and human hERG potassium channel interactions to avoid drug-induced 
cardiac arrhythmia19.  
 
1.3 Solid-state NMR studies of membrane proteins 
1.3.1 Overview of structural biology techniques 
Obtaining atomic level structural information is crucial in understanding protein function and 
biological mechanisms. For decades, X-ray crystallography has been the dominant technique in 
solving protein structures at the atomic level, however crystallization of macromolecules into well-
ordered 3D crystals can be difficult, especially for proteins with poor solubilities, such as 
membrane proteins. Single-particle cryogenic electron microscopy (cryo-EM) is an emerging tool 
used to study macromolecules. The development of direct electron detection cameras and new 
processing algorithm enabled a resolution revolution20.  However, cryo-EM is not yet a routine 
method for achieving high resolution structures. Solution NMR is a well-established method for 
solving soluble protein structures. However, it is restricted to macromolecular complexes that 
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undergo fast rotational diffusion with correlation times less than 100 ns. Solid state NMR 
(SSNMR) is a versatile technique that can accommodate a variety of samples that are traditionally 
challenging for other structure biology techniques, such as membrane  proteins, amyloid fibrils 
and large protein assemblies. The word “solid” implies the lack of motion of the sample, while the 
sample can be anything from microcrystalline, precipitates to gel textured proteoliposome.  
 
1.3.2 SSNMR methodologies for membrane proteins 
As mentioned above, lipid environment is crucial for the overall folding and activity of ion 
channels, SSNMR provides the opportunity and convenience to study membrane proteins in  a 
near native environment without limitations on molecular weight in principle. The development 
and progress on instrumentation, sample preparation and pulse sequences over the past decade 
enable structure determination of numerous membrane proteins such as influenza M2 proton 
channel21, potassium channel KcsA22,23, transmembrane domain of Yersinia enterocolitica adhesin 
A (YadA)24, 7-helix G-protein coupled chemokine CXCR1 receptor25 and light sensitive receptor 
Anabaena Sensory Rhodopsin (ASR). Moreover, SSNMR can also be used  conjointly with X-ray 
crystallography and cryo-EM to refine the structure to higher resolution26.  
 
Unlike solution NMR, in which the fast molecular tumbling average out the anisotropic 
interactions, anisotropic dipolar interactions and chemical shift anisotropies from the relatively 
immobile samples lead to significant line broadening in solid state NMR. To combat the resolution 
issue, two main approaches are used for membrane protein structure determination by SSNMR: 
stationary oriented sample NMR (Figure 1. 2. A) and Magic Angle Spinning (MAS) NMR (Figure 
1. 2. B). Orientated sample NMR requires uniform alignment of samples with respect to the 
magnetic field. The secondary structure and topology of a membrane protein can be solved by two 
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dimensional PISEMA (polarization inversion with spin enhance at magic angle)27,28 experiments. 
A 2D PIESMA experiment contains  precise measurement of chemical shifts and  dipolar coupling 
interactions. For 15N uniformly labeled membrane proteins that are uniaxially oriented in lipid 
bilayer, the 2D PIESMA spectrum present a wheel like pattern, called PISA (polarity index slant 
angle) that reflect the helical projections of residues. The angle between helical axis and bilayer 
normal can be extracted from the PISA wheel29,30. Alternatively, rapid sample rotation about the 
magic angle (54.7º) can coherently average out orientation dependent parameters and yield 
solution NMR like isotropic chemical shift. The dipole-dipole distance information can then be 
coherently re-introduced by dipolar recoupling31. MAS NMR has no requirement on the alignment 
of samples and thus has become a robust method to obtain high-resolution multidimensional NMR 
spectra for backbone chemical shift assignments, which can provide accurate information on 
protein backbone dihedral angles. However, the sample quantity and homogeneity are still the 
limiting factors for structural determination.  The sample preparation is strongly protein dependent, 
which usually relates to properties of the protein and its natural environment. There is no universal 
standard sample preparation protocol that can guarantee good quality SSNMR spectrum.  
Chemical shifts of nuclear spins are sensitive to the local electronic environment, so changes in 
torsion angles, protonation state and tertiary packing can be detected, which makes NMR an ideal 
technique to probe conformational changes at atomic level. The backbone chemical shift 
assignments based on high resolution multidimensional SSNMR spectroscopy provide accurate 







Figure 1.2 Solids-state NMR approaches to membrane protein structure determination. A. 
Protein molecules can be uniformly oriented with respect to the magnetic field B0 NMR spectra 
correlating the 1H-15N dipolar coupling to the 15N chemical shift show a circular  pattern, which 
reports on the topology of the protein and its backbone structure. B. Magic angle spinning NMR 
is applied to unoriented samples. The figure and caption are adapted from Brown et al. 33 
 
 
1.4 Contribution of this thesis 
This thesis focus on the  study of  the effect of anionic lipids on the structure and channel gating 
of KcsA by MAS solid-state NMR.  First, we were able to identify the specifically bound lipid 
with anionic PG headgroup  in the protein 13C-13C correlation spectra. Interestingly, the lipid cross 
peaks show stronger intensity when the channel is in the inactivated state compared to the activated 
state. Our results not only validate previous literatures that suggest the co-purified anionic lipid 
has a PG headgroup, but also indicate that this lipid headgroup is motional restricted when the 
channel is in the inactivated state. In addition, our results show that more anionic lipids content  
decreases the affinity for K+ at the selectivity filter at low pH, which implies a promoted 
inactivation process. However, the surface charge is not the only physical parameter that regulate 
channel gating or conformational preference. We find that the channel is in its open conformation 
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with the selectivity filter conductive and pH gate open when reconstituted into liposome made of 
zwitterionic lipid DOPC at pH 4.0. Such observation is particularly interesting, since multiple 
literatures report that the channel is non-conductive without anionic lipids. However, when 
reconstituted into liposome made by another zwitterionic lipid DOPE, the channel is in the 
inactivated state with a collapsed selectivity filter and an open pH gate.  
 
On the journey of investigating the effect of anionic lipids on channel conformation and gating, 
we were able to stabilize the open-conformation of KcsA in 3:1 DOPE/DOPG liposome at pH 4.0 
and obtain several 2D and 3D experiments for site-specific resonance assignment. This is the first 
time that we get structure information on this transient state without structure modifications. The 
structure is not only important for understanding  channel gating, but can also serve as a homology 
model for investigating  drug binding with more complicated potassium channels such as human 
voltage gated channel (hERG).  
 
Last but not least, we provide a method  to monitor and map out the temperature of a biological 
sample during SSNMR experiment by including TmDOTP in the sample. This is particularly 
useful when it comes to dynamics study.  
 
The collaborate work with Yunyao Xu and Zhiyu Sun is not included in this thesis, but the details 
of the work can be found from “Identifying coupled clusters of allostery participants through 
chemical shift perturbations”34 and “Allosteric studies of an open pH gate KcsA mutant in its activated 
and inactivated states”35. I participated in performing experiments and writing the manuscript together 
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2. Site-specific Solid-state Resonance Assignments of KcsA in the open conformation 
Abbreviations: MAS, magic-angel spinning; SSNMR, solid-state NMR; CP, cross-polarization; DARR, dipolar-
assisted rotational resonance; 3D, three-dimensional.  
 
2.1 Abstract 
Resonance assignment is an important step in protein NMR studies. In this chapter, we describe 
site-specific assignment of KcsA in its activated state, which was prepared in DOPE/DOPG (3:1) 
liposomes at pH 4.0 with 50 mM KCl.  Numerous mutations have been designed to stabilize the 
open conformation of KcsA for structure studies. These crystal structures have provided rich 
information that form the foundation of our current understanding of the mechanism of potassium 
channel activation and inactivation. However, information based on mutation and truncation of the 
sequence might not be consistent with the structure and dynamics of wild type protein. Here, we 
use high resolution multidimensional solid-state NMR experiments to assign the full-length wild 
type KcsA in a hydrated lipid bilayer. This study not only sheds light on the structure of open 
KcsA in its near native environment, but also provides opportunities to study the conformational 
dynamics of KcsA during  activation and inactivation.  
 
2.2 Introduction 
2.2.1 What is chemical shift and resonance assignments? 
As with all spectroscopic techniques, NMR spectra record the characteristic frequencies at which 
a sample absorbs energy. In NMR, this energy transition, or resonance frequency, is dependent on 
the effective local magnetic field, which is affected by the chemical environment of a given 
nucleus. Making resonance assignments means correlating the active spin nucleus with its 
resonance frequency in a site-specific fashion. In protein NMR, the overlap in chemical shifts is 
resolved by isotropic enrichment of 15N and 13C and the use of multidimensional NMR 
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experiments1. The central idea of the multidimensional experiments used in resonance assignment 
is to transfer the magnetization from backbone 1H-15N to directly attached 13Ca, 13Cb and their 
associated 1H of the same and neighbor residues through J-coupling. In solution NMR, sequential 
assignments are determined using routine experiments including HNCO, HNCaCb, 
(Hb)CbCa(CO)NNH. The chemical shifts of Ca  and Cb are often good indicators of residue type 
and secondary structure2. The site-specific assignment can then be used to extract structural 
information and for functional studies.  
 
In solid state NMR, the linewidth is much broader due to the absence of molecular tumbling, which 
averages out some anisotropic interactions and enables the narrow isotropic linewidth in solution 
NMR. One of the major contributions of the line broadening is dipolar coupling (equitation 1). 
The magnitude of dipolar coupling is dependent on gyromagnetic ratios and the distance between 
the two nuclei. Major strategies to remove or reduce the dipolar coupling include magic angle 
spinning (MAS), high power proton decoupling, and dilution of proton concentration by 
deuteration. A drawback of high-power proton decoupling is the potential sample degradation from 
the heat generated by RF irradiation, which has been heavily discussed in another chapter. Protein 
deuteration is not only expensive and difficult, but also reduce the sensitivity by diluting the 
protons. Moreover, backbone proton exchange is often challenging for membrane proteins. 
Moderate MAS (~ 20 kHz) is efficient enough to remove 13C, 15N homonuclear dipolar couplings, 
but not enough to remove strong proton dipolar couplings (typical for 3.2mm). To achieve high 
resolution spectra that enable resonance assignment, solid state NMR largely relies on direct 
detection from low-g nuclei, 13C and 15N, and thus the sensitivity is significantly lower than that 
of  proton detected experiments.  
 𝑑"# = −(𝜇(𝛾"𝛾#h/8𝜋𝑟"#/ )(3𝑐𝑜𝑠5	Θ"# − 1) ---------------(1) 
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To combat the low resolution and sensitivity in solid state NMR, developments in hardware and 
sample preparation have been made in the past decade. Methods such as dynamic nuclear 
polarization (DNP)3, ultra-fast MAS4 equipped with proton detection pulse sequences, and 
selective isotopic labeling schemes are often used, but none of these strategies is a silver bullet and 
will not be discussed in detail in this chapter.   
 
A common strategy for solid state NMR sequential assignment uses 13C detected experiments 
including 2D 13C-13C dipolar-assisted rotational resonance (DARR)5 or proton driven spin 
diffusion (PDSD), 3D 15N-13C-13C and 13C-15N-13C experiments. The 2D DARR experiment is 
essential to assess the quality of the sample including sensitivity, amino acid types and spectral 
dispersion. However, assignment based solely on 2D spectra is only possible for very small 
proteins and peptides. The sequential assignment for large proteins is established by transferring 
backbone 15N magnetization to the neighboring 13C through SPECIFIC-CP6 and then transferring 
the magnetization to other side chain carbons through DARR. For example, one can link the ith 
residue’s 15N to the 13Ca and side chain carbons of the i-1th residue by NCOCX (15N-13CO-13C) 
(figure 2. 1). The analogous experiment NCACX experiment establish the intra residue correlation 
from i15N to i Ca and side chains.  If the resolution is ideal, one should be able to identify the 
number of spin systems and predict the resonance type and the secondary structure. CANCO 
(13Ca-15N-13CO) is an experiment that connects the ith residue’s 15N to the i-1 residue’s 13CO, 
which is essential for crowded 15N planes. Then the i-1’s 13Ca and side chain carbons can be 
connected to the ith residue’s 15N by NCOCX (figure 2. 1). The i-1 spin system’s carbon pattern 
can be found using NCACX and thus the assignment is made sequentially. The above process is 
called a backbone walk. For small proteins with less chemical shift overlap, NCACX and NCOCX 
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could be sufficient.CANCO/CONCA experiments are limited by the signal to noise from two 
SPECIFIC-CP transfers and might not be achievable for every sample.  
 
Figure 2.1. Scheme and pulse sequence of 3D experiments. A. Schematic coherence transfer in 3D 
experiments. B. Pulse sequence scheme for 15N-13C-13C experiments. C. Pulse sequence for 13C-




2.2.2 The importance of the open conformation of KcsA 
KcsA is a symmetric homo-tetramer, where each monomer contains 160 amino acids. There are 
currently 71 KcsA structures deposited in the Protein Data Bank, including 63 X-ray crystal 
structures, 7 solution NMR structures and one EPR and crystal hybrid structure. Common 
strategies for crystallizing KcsA involve stabilizing  or truncating the dynamic parts of the protein. 
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The N-terminal domain (residues 1-20) is located at the membrane-water interface and cannot be 
resolved due it its intrinsic heterogeneity. The flexible C-terminal domain (residues ~121-160) is 
a 4-helix bundle that extents 70 Å away from the membrane8. The rest of the protein is 
characterized as transmembrane domain that includes TM1 (26-50), TM2 (90-120), the pore helix, 
the selectivity filter and the pore loop. The first two high resolution crystal structures of KcsA 
were collected at neutral pH with high (PDB: 1K4C) and low potassium (PDB :1K4D) 
concentrations that correspond to the deactivated state and inactivated state in the channel gating 
cycle respectively9.  
 
One of the most appealing yet mysterious characteristics of potassium channels is C-type 
inactivation, which refers to a cessation of potassium ion flow caused by a conformational 
rearrangement at the selectivity filter upon activation of the inner gate. This shared property among 
several bacterial potassium channels is a self-regulatory mechanism that governs the channel 
activity when the stimuli are prolonged. In the past decades, studies have revealed that the 
mechanism underlying C-type inactivation is an allosteric interaction between the intracellular pH 
gate and the extracellular selectivity filter10–12. Understanding the molecular basis of C-type 
inactivation has significant physiology meaning, yet remains a major challenge. During this 
millisecond timescale process, the channel transitions from a short-lived activation state to a deep 
inactivated state. The structural basis and the conformational dynamics of this process are still not 
fully understood. One of the main challenges is to obtain atomic resolution structural information 
of this transient state.  Many mutations and truncations are designed to capture a snapshot of the 
intermediate states during the activation and inactivation process9,13–15. Cuello et al was able to 
stabilize the pH gate by introducing cystine-bridges between adjacent monomers with C-terminal 
truncation. Combined with mutations that can manipulate the rate of inactivation, high resolution 
 18 
crystal structures of the four states in the whole gating cycle were obtained. Still, the mutation and 
truncation might inevitably bring artifacts or structure distortion. The full-length wild-type KcsA 
open conformation SSNMR assignments could further validate and refine the crystal structure in 
the future.  
 
Here, we use multidimensional  SSNMR experiments to assign the open conformation of wild type 
full-length KcsA in a hydrated lipid bilayer environment. The assignment provides site specific 
structural information of this otherwise transient state. As previously stated, the activated state and 
inactivated state are in slow exchange in NMR time scales (100 ms), which makes NMR a 
powerful tool to study the conformational dynamics during this equilibrium.  
 
2.3 Methods 
2.3.1 KcsA purification  
2.3.1.1 Expression and purification of U-13C, 15N wild type KcsA 
The plasmid we used in this study is PASK90 was a gift from Crina Nimigean at Weil Cornell 
Medical School. PASK90 contains the full-length wild type KcsA gene with an N-terminal 6x-His 
tag. JM83 is auxotrophic for proline, so that prolines need to be supplemented in 13C, 15N isotropic 
labeled growth media. The yield  of uniformly 13C-15N labeled KcsA is about 25-30 mg per liter 
of M9.  The plasmid can be expressed in BL21(DE3) as well and is especially recommended for 
assignment purposes.  
 
Competent JM83 cells were prepared and stored at -80 ºC. Freshly transformed cells were grown 
on LB-agar plates with 100 mg/ml ampicillin or carbenicillin overnight at 37 ºC. A single colony 
was picked and inoculated into a 5 mL of LB pre-culture and grown until the OD600 reached ~0.5. 
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The 5 mL preculture was then transferred to 1 L of pre-warmed LB culture in a 4 L baffled flask 
at 37 ºC with 250 rpm shaking until the OD600 reached ~0.9. The cells were spun down at 5700x 
g for 20 mins at 4 ºC and resuspended in 250 mL of M9 media. After 1~2 hours, the protein over-
expression was induced by 1 mM anhydrotetracycline (aTC). The cell culture was incubated at 28 
ºC  with 300 rpm shaking and good aeration (about 250~300 mL per 4 L baffled flask) for 12-14 
hours and harvested by centrifugation at 5700 x g for 20 min at 4 ºC. We usually transfer 4 L of 
LB to 1 L of M9 for each purification preparation and harvested ~ 12-15 g of cells.  
 
The cells were resuspended in Tris buffer with 5 mM Decyl-b-Maltopyranoside (DM) and lysed 
by French Press. 1 g of DM was added for every 10 g of cells and the lysate was incubated at 4 ºC  
overnight for best extraction efficiency. The cell debris was spun down at 17,000 rpm for 1 hour 
at 4 ºC. The supernatant was filtered through a 0.4 um membrane and then imidazole was added 
to a final concentration of 40 mM. The pH needs to be maintained at 7.5, since the KcsA tetramer 
will fall apart in basic conditions. It is best to achieve this final concentration by dilution from a 
high concentration imidazole buffer at pH 7.5.  The lysate was loaded onto a 1 mL His Trap column 
and then washed with 5 column volumes of Tris buffer containing 40 mM imidazole. A 4 column 
volume gradient wash from 40 mM to 75 mM imidazole was performed followed by 3 column 
volume of wash with 75 mM imidazole buffer. Finally, KcsA was eluted with 300 mM imidazole 
and then the imidazole was removed by desalting column (HiPrep 26/10, GE). The final protein 





Figure 2.2 A. SDS-PAGE analysis of the FPLC fractions from 1 mL HisTrap column. 5 µl of each 
fractions are loaded with 10 µl of sample buffer (4X Bolt LDS sample buffer, Invitrogen). Fraction 
1-3 are from wash steps. Fractions 4-8 are from elution step and then combined together for buffer 
exchange on HiPrep column. B. SDS-PAGE of the final KcsA proteoliposome with gel marker.  
 
2.3.2 NMR Spectroscopy 
KscA was reconstituted into 3:1 DOPE/DOPG (Avanti) liposome at pH 4.0 with 50 mM KCl. 25 
mg of hydrated proteoliposome sample was centrifuged into a Bruker 3.2 mm rotor after 3-5 
freeze-thaw cycles. All data were collected on a Bruker AVANCE II 900 MHz spectrometer with 
a 3.2 mm E-free probe. The spinning frequency was at 16.666 kHz and the VT temperature was 
set at 267 K. The 90º pulse length was 2.55 us, 4 us and 5.1 us respectively on proton, carbon and 
nitrogen. The spectra used for assignments includes 13C-13C 2D with 50 ms DARR mixing time, 
2D NCACX and NCOCX with 50 ms mixing time, 3D NCACO, NCOCX with 50 ms of mixing 
time and 3D CANCO. An NCO 2D spectra from 1,3-13C glycerol,15N labeled KcsA sample under 
the same condition was also used for assignment, since this sample was from BL21(DE3):PASK 
90 and thus contained prolines. The typical DCP 1.5 wg-2.5 wg condition for NCA and 2 wg-1.5 
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wg for NCO were used. DCP contact times were 5 ms. The detailed experimental parameters can 
be found in Table 2.1.  
Experiement  3D NCACX 3D NCOCX 3D CANCO 
MAS frequency  16.666 kHz 16.666 kHz 16.666 kHz 
First transfer  H-N CP H-N CP H-C CP 
 1H RF (kHz) 62 62 69 
 RF (kHz) 15N:50 15N:50 13C:59 
 Shape: nucleus and range 1H tangential 1H tangential linear 
 Contact time (ms) 0.8 0.8 0.8 
Second transfer  N-C CP N-C CP C-N CP 
 1H RF (kHz) 94 91 91 





 Shape: nucleus and range C tangential C tangential C tangential 
 Contact time 5 ms 5.2 ms 5.5 ms 
Third transfer  C-C mixing C-C mixing N-C CP 
 1H RF (kHz) 71 71 98 
 RF (kHz) 13C :14 13C :14 C: 43 N: 25 
 Shape: nucleus and range    
 Contact time 50 ms 50 ms 45 ms 
 Proton power   91 
points 13C (direct) 2048 2048 2048 
 13C 248 111 50 
 15N 60 80 49 
Acquisition time (ms) 13C (direct) 12.3 12.3 12.3 
 13C 6.6 6.6 7.2 
 15N 7.0 7.2 6.0 
Sweep width (ppm) 13C (direct) 368 368 368 
 13C 74 37 37 
 15N 50 46 46 
Carrier Freq (ppm) 13C (direct) 100 100 175 
 13C 60 175 60 
 15N 120 120 120 
Table 2.1 Experimental parameters for setting up 3D NMR experiments.  
  
2.3.3 Data processing 
All data were processed in NMRPipe and 13C chemical shift was referenced externally to 
downfield line of Adamantane at 40.48 ppm relative to 13C in DSS. Nitrogen were referenced 
internally by calculating the nitrogen zero-frequency by using the ratio of gyromagnetic ratios of 
15N (based on NH3 liquid) and 13C.  
2.3.4 Assignment 
Peak picking and assignments were made by backbone walk in CcpNmr16. All the spin systems 
were identified first in each 3D spectrum and then the residue type and their secondary structure 
were predicted using pluqin17. The secondary structure prediction is helpful to clear ambiguity 
from degeneracies and also a good check for sequential connection. Software package NSGA-II 
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and MC/SA from Yang et al18 were used to facilitate assignments with Monte Carlo/simulated 
annealing (MCSA) algorithm. The assignment logic can be found in Table 2.3.  
 
2.4 Results and Discussions 
2.4.1 Assignment overview 
In this study, we assigned 62 residues and 275 resonances of the transmembrane domain (21-120) 
by backbone walk as described above (Figure 2.3) (Table 2.2). The 900 MHz magnetic field 
enabled us to extend the assignments to more side chain resonances compared to the previous 
assigned deactivated state (62 residues and 186 resonances) in the McDermott lab by Dr. Ben 
Wylie and Dr. Manasi Bhate at 600 MHz10. The details of assignment history and comparison with 
other NMR assignments was described in Dr. Bhate’s thesis and will not be discussed here19. An 
example of the sequential walk at the selectivity filter is presented in Figure 2. 4. Any ambiguous 
assignments are excluded and the assignments are annotated on 2D 13C-13C correlation spectrum 
(Figure 2.5) as well as 13C-15N heteronuclear correlation spectra (Figure 2.6). Similar to the 
previously assigned deactivated state, the C-terminal and N-terminal residues were not observed, 
possibly due to the conformational heterogeneity or dynamic motions10. The detailed descriptions 
of assignment logic for each residue are shown in Table 2.3.  
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Figure 2.3 A summary of the resonance assigned in this study. The assigned residues are 





Figure 2.4 Strip plots extracted from 3D NCACX (blue) and NCOCX (red) experiments to show 
the sequential assignments for KcsA in the open conformation. Experiments were carried out 
using a 3.2 mm standard-bore E-free on a Bruker Avance II 900 MHz spectrometer. 10 mg of 
KcsA were reconstituted into 10 mg DOPE/DOPG (3:1) liposome at pH 4 with 50 mM 
potassium ion. The magic angle spinning rate was set to 16.666 kHz and the sample temperature 





Figure 2.5 2D 13C-13C homonuclear (DARR) spectrum of KcsA in DOPE/DOPG (3:1) liposome 




Figure 2.6 13C-15N heteronuclear 2D spectra of KcsA in DOPE/DOPG (3:1) liposome at pH 4.0 
with 50 ms DARR mixing time shown with annotations. The spectra were acquired on a 900 
MHz Bruker spectrometer with a 3.2 mm standard-bore E-free probe, spinning at 16.666 kHz. 
The real sample temperature was about 290K. A. N-ca-CX. B. N-co-CX.  
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2.4.2 Challenges in assignment 
In this study, the three main challenges in sequential assignments are the abundance and 
degeneracy of hydrophobic residues, significant intensity loss in the leucine Cb region, and the 
lack of isotopically enriched prolines. Statistically, hydrophobic residues ala, ile, leu and val have 
a high probability of appearing in TM domains of alpha helical membrane proteins20. Here, we 
present the statistics of the amino acid type in transmembrane domains and the completeness of 
assignment in Figure 2. 7.  Only about 35% of leucine residues are assigned due to the degeneracy 
and lack of Cb information. This could be improved in the future by using a 2-13C-glycerol labeled 
sample, which only shows val, ile and leu cross peaks in 2D 13C-13C correlation spectrum. 
However, the motions of the side chain methyl groups might be more of a problem than the 
resolution. The prolines in this study are not isotopically enriched, nevertheless prolines do not 
show high intensity 15N-13C cross peaks from SPECIFIC-CP experiments owing to the lack of 
directly bonded proton to 15N. To observe proline pattern, a TEDOR pulse sequence is often used21,  
in which the polarization is transferred from directly bonded protons to 13C and then to 15N.  The 
secondary structure of every residue predicted using pluqin was compared with the Dictionary of 
Protein Secondary Structure server (DSSP) of a high-resolution open conformation KcsA (non-
inactivating E71A-mutant) crystal structure (PDB: 5VK6) (Fig 2. 8). The edge of the secondary 
structure transition generally matched between the crystal structure and the ssNMR data.  
 
2.4.3 Comparison of SSNMR assigment of  KcsA in open and deactivated state 
The assignment of the open conformation is overall similar to the deactivated state (Table 2.5), 
despite some perturbations below the hinge and inner cavity region. The similarity between the 
two states at the selectivity filter is not surprising based on the conformational equivalence of the 
corresponding crystal structures9. The activation process is described as a counterclockwise 
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movement of both TM1 and TM2 that widens the internal vestibule of the channel22. The truncated 
(PDB: 5VK6, 2.25 Å) and full-length open conformation structure (3PJS, 3.9 Å) indicate that the 
channel activation is associated with a bend at the hinge around G10413,15. Figure 2. 9 shows the 
chemical shift difference between the two states in N, Ca and Cb. The CO shift is not compared 
here due to the lack of completeness in the deactivated state. Notably, the most significant 
perturbation is observed in the pore loop and the inner cavity region, while the pore loop region 
differences originate from assignment conflicts. For instance, the A111 residue, which is well 
resolved in 13C-13C and 15N-13C spectra and can be a good target for functional studies, shows 
significant Cb chemical shift change upon channel opening. Moreover, this peak further shifted, 
likely in the same direction, when going into the deep inactivation state (Figure 2. 10 (A)). This 
residue seems sensitive to the degree of opening of the inner pH gate (Fig 2. 10 (B) and (C)). 
Another example is residue W113, which only shows up in the open conformation but not the 
deactivated state, however this could also be from a chemical shift change that is not assigned in 
the deactivated state. W113 located on the intracellular side of the membrane and is possibly 
located within the hydrocarbon region of the bilayer.  
 
2.4.4 How do we know this open conformation is the open-conductive state? 
At pH 4.0, the pH gate E118/120 residue is protonated, which is shown by the characteristic 
chemical shift change of Cg from 182.8 ppm to 181.65 ppm23. The protonation of the pH gate leads 
to the disruption of the packing of bundle cross, which leads to the inner gate openning24. Together 
with the similarity between the chemical shift of deactivated state and open conformation, we 
conclude that the channel has not transitioned to the inactivated state yet. The mechanism 
underlying the coupling between the inner gate opening and the selectivity filter inactivation is a 
series of conformational rearrangements at F103, T74, T75 and I100 triggered by the rotation of 
 29 
TM2 and bending at the hinge11. The rotation of F103 away from T74, T75 and I100 allows  
hydrogen bond formation among the inactivation triad: E71, W67 and D80. Although the 
selectivity filter residues do not show significant chemical shift changes in  carbons, the T74 15N 
chemical shift changes 0.5 ppm which  matches the chemical shift of 15N T74 in the inactivation 
state10. Moreover, the I100 cross peaks, which have strong intensity in the deactivated states, 
became extremely weak in intensity in the activated state DARR and undetectable in the 3D 
experiments. A few studies have pointed out that the ion occupancy is correlated with the degree 
of inner gate opening, therefore the more open a pH gate the more inactivated is the selectivity 
filter9,11,13,14. Furthermore, an MD simulation study shows that the selectivity filter can remain 
conductive as long as the inner gate is partially open and this state corresponds to the conformation 
during the macroscopic ion conduction period14. Indeed, we cannot conclude that the open 
conformation in this study corresponds to the ion-conducting state of KcsA, but the channel is in 
a partially open conformation. Regardless, this study shows the conformational dynamics of the 
activation state without modifying the sequence of the protein. It is possible that solid state NMR 
can trap this otherwise transient state because of the lipid bilayer environment can lower the energy 












Figure 2.7 Completeness of assignment by amino acid type. A summary of the number of assigned 




Figure 2.8 Secondary structure prediction from DSSP of crystal structure (PDB: 5VF6) (upper 
line)  compared with the secondary structure prediction by the CO, Ca and Cb from our 
assignments of the open conformation by pluqin.  
 
 





















Figure 2.9 A comparison of chemical shifts between open and deactivated state KcsA from solid 
state NMR. The difference is plotted against the residue number. Only resonances that are both 




Figure 2.10 A. The peak A111 in deactivated (green), open (yellow) and deep inactivated state 
(red) in DARR experiments with 50 ms mixing time on 900 MHz spectrometer. B. Overlap of the 
deactivated (PDB_1K4C; green), open (PDB:5VK6; orange) and deep inactivated state 
(PDB:3F5W; red) structures. The Cb of A111 is shown in sphere for better visualization. C. 










Residue N C′ Cα Cβ Cγ1 Cγ2 Cd Ce Cz 
T33 119.827 175.293 67.129 67.896 21.396     
V34 125.861 177.421 67.131 31.11 23.36 21.533    
I38 122.486 177.369 65.871 37.39 28.989 16.966 13.606   
A42 125.594 179.549 54.072 18.849      
G43 114.07 175.491 46.721       
S44 119.749 174.014 64.128 63.104      
Y45 124.44 176.509 61.145 38.613 127.879  132.026   
A47 123.984 177.876 55.4841 17.6057      
V48 120.738 177.907 65.156 30.919 22.792 21.359    
A50 122.583 179.012 53.977 19.061      
E51 119.923 176.421 57.493 30.957 38.296 183.392    
G53 115.22 173.857 44.674       
G56 117.128 173.807 44.923       
A57 125.65 177.983 52.894 21.08      
L59 119.408 178.479 53.306       
I60    38.280 25.622 17.737 13.433   
T61 114.567 172.955 58.44 71.709 22.381     
Y62 128.436 173.264 63.628 36.337      
R64 117.083 177.162 59.854 31.158      
L66 125.509 179.93 56.983 41.832      
W67 124.071 175.825 58.935 29.571  110.371 128.570   
W68 123.881 179.15 59.78 28.442  112.834 124.630   
S69 126.67 175.595 62.602 60.883      
V70 128.595 176.858 66.933 31.127 22.097 23.283    
E71 117.844 175.325 57.888 26.992 32.16 182.014    
T72 123.763 174.205 67.809 66.692 21.948     
A73 129.188 176.205 54.993 18.696      
T74 103.875 175.962 60.864 69.429 21.278     
T75 115.087 172.221 62.85 68.927 21.297     
V76 126.023 178.474 65.985 31.592 20.008 22.899    
G77 105.287 174.004 48.354       
Y78 120.258 177.74 61.289 38.059   130.282 117.801 157.697 
G79 106.075 174.065 45.163       
D80 122.809 175.319 55.153 36.998 179.206     
L81 122.293         
Y82 120.155 171.596 55.15 34.687  128.767  117.871  
V84 122.995 175.962 60.392 32.16 20.961 17.883    
T85 121.049 174.3 60.35 72.395 22.393     
L86 127.118 177.72 58.222       
W87 120.098 178.209 59.017 29.297 110.060     
G88 111.707 175.898 46.067       
R89 126.457 177.69 58.966 27.466 43.931 29.468   158.623 
L90 123.980 179.218 58.411 40.506 25.931     
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Residue N C′ Cα Cβ Cγ1 Cγ2 Cd Ce Cz 
V91  178.599 67.029  23.357     
A92 124.4409  55.57 20.279      
V93 121.977 177.089 66.789 31.333 23.198 21.935    
V94  177.393 66.882 31.111  21.388    
V95 124.038 67.11 31.015 23.509 21.651     
M96 121.329 177.086 59.595 33.576 32.705     
V97 121.027 177.031 66.584 31.257 23.258 21.884    
A98 129.731 180.578 55.069 18.728      
G99 111.82 174.57 47.417       
I100 126.2311         
S102 120.689 175.107 63.185 62.268      
F103 125.1621         
T107  175.8841 68.0238       
A108 126.492 177.421 55.305 17.782      
A109 129.1625 177.965 55.1039 17.2193      
A111 122.616 177.46 55.19 16.2839      
T112 117.91 176.572 67.274 68.108 19.952     
W113 129.219 178.398 58.388 28.924      
E118/120     34.561 181.652    
Table 2.2 Resonance assignment list of 13C, 15N uniformly labeled  KcsA in DOPE/DOPG 













Residue logic  
T33 Sequential to V34, only two TV pairs in the sequence and the other is assigned to the selectivity filter stretch. T(H) 
V34 Same as T33 V(H) 
I38 Seems like there are two CG2 in NCACX. Do not show up in deactivated DARR. 
There are only three isoleucine in the sequence and the three I have been historically assigned in McDermott lab. 
This assignment here is not sequential but a copy from previous McDermott assignment. The side chains are 
stronger in DARR. 
I(H) 
A42 Sequential to G43 A(H)(C) 
G43 sequential G(H)(C) 
S44 sequential S(H)(C) 
Y45 sequential Y(H) 
A47 Sequential. Two AV pairs in the sequence, both are helical. The other AV pair is sequential connected. A(H) 
V48 sequential V(H) 
A50 sequential A(H)(C) 
E51 sequential E(C)(H) 
G53 Sequential . There are three GA pairs in the sequence. The connections are weak in 3D. There are in total 8 well 
resolved glycine CA peaks in the NCACX and it is obvious that two of them are from the loop and are relatively 
weaker. G53 was distinguished from G56 in a proline labeled NCO spectra. 
G(C)(E) 
A54 Sequential to G53 G(C)(E) 
G56 See G53 A(C)(E) 
A57 Sequential to G56 L(C)(E) 
I60 I didn’t find this in 3D, but based on historical assignment. I 60 peaks, especially CG1, CG2, CD are very strong in 
activated state DARR stronger than deactivated state). 
I(H)(C) 
T61 sequential T(E)(C) 
Y62 Not in deactivated state, 
sequential 
Y(H)(C) 
R64 This is obvious from the NCO of proline labeled sample NCO. Two ch.sh for Cb in NCACX R(H) 
L66 sequential L(H) 
W67 sequential W(H)(C) 
W68 sequential W(H) 
S69 sequential S(H) 
V70 sequential V(H) 
E71 sequential E(E) 
T72 sequential T(H) 
A73 sequential A(H) 
T74 sequential T(E)(C) 
T75 sequential T(H)(C) 
V76 sequential V(H) 
G77 sequential G(C)(H) 
Y78 sequential Y(H) 
G79 sequential G(C)(E) 
D80 sequential D(C)(E) 
L81 sequential  
Y82 sequential Y(E) 
V84 sequential V(E)(C) 
T85 sequential T(E)(C) 
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Table 2.3 The assignment logic and secondary structure prediction of 13C, 15N uniformly labeled  











L86 sequential L(H) 
W87 CO split in NCACX, sequential W(H) 
G88 sequential G(C)(E)(H) 
R89 Not in deactivated state, sequential R(H) 
L90 sequential L(H) 
V91 V91 and V93 are very similar as well. There is a very busy nitrogen slice in NCOCX (~123.90 ppm).To resolve the 
CO, you need to look for the alanine neighbor peaks that leak through. 
V(H) 
A92 sequential A(H) 
V93 Sequential, see A4-V48 V(H) 
V94 V94 and V95 have incredibly similar chemical shifts, you can see the connection from 3D. There are subtle 
differences in CG2, but cannot tell which is which. 
V(H) 
V95 sequential V(H) 
M96 sequential M(H) 
V97 sequential V(H) 
A98 sequential A(H) 
G99 sequential G(H)(C) 
I100 It is very weak in the activated state spectra and you can only observe them in  DARR. The chemical shifts are a 
little odd for isoleucine as well. 
 
S102 sequential S(H) 
F103 sequential  
T107 See A108 T(H) 
A108 AA pair. A108 seems connected to a T, but T107 does not show well in NCACX. I suspect it overlaps with T33. A(H0 
A109 Sequential with A108 A(H) 
A111 sequential A(H) 
T112 sequential T(H) 
W113 sequential W(H)(C) 
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N C′ Cα Cβ Cγ1 Cγ2 Prediction 
113.982 174.78 47.696    G(H)(C) 
121.064 177.674 57.182 41.52 25.991  L (H) 
121.669 177.256 67.679 31.18 22.88 21.703 V (H) 
122.006  54.692 18.73   A (H) 
122.707  55.318  17.977  A (H) 
122.469 179.218 57.799 29.83   KERQHWI 
122.469 178.629 57.799 29.83   KERQHWI 
124.939  54.874 19.48   A (H) 
124.495  54.836 18.48   A (H) 
124.728 178.828 67.391 30.97 22.573 21.648 V (H) 
130.42 175.932 49.809 17.77   A (H)(C) 
126.777  66.351 31.65 23.896 21.016 V(H) 
 174.522 47.36    G(H)(C) 
123.697 177.478 58.177 40.66 27.33  L(H) 


















Residue N N C′ C′ Cα Cα Cβ Cβ Cγ1 Cγ1 Cγ2 Cγ2 
A29   180.30  55.40  18.40      
G30 105.40    47.80        
A32 116.40    55.40  16.40      
T33 112.30 119.83  175.29 67.50 67.13 68.10 67.90 20.80 21.40   
V34  125.86  177.42  67.13  31.11  23.36  21.53 
I38 116.60 122.49  177.37 66.10 65.92 37.80 37.42 29.30 28.99 17.30 16.97 
V39 118.90            
A42  125.59 180.00 179.55 54.40 54.07 19.10 18.85     
G43 108.10 114.07  175.49  46.72       
S44 113.60 119.75  174.01 64.60 64.13 63.40 63.10     
Y45  124.41  176.50  61.16  38.58  127.88   
A47  123.98  177.88  55.48  17.61     
V48 114.60 120.74  177.91 65.50 65.16 31.40 30.92  22.79  21.36 
L49 114.80            
A50  122.58  179.01 54.50 53.98  19.06     
E51 114.00 119.92  176.42 57.90 57.45 31.10 30.94 38.90 38.30 183.80 183.46 
R52 114.80    59.10        
G53 108.90 115.22  173.86 44.80 44.67       
A54 123.20    50.20  18.40      
G56 111.00 117.13  173.81 44.90 44.92       
A57 119.90 125.65  177.98 53.50 52.89 21.40 21.08     
L59 124.20 119.41  178.48 53.30 53.31 39.50  25.10    
I60 103.90    61.60  38.70 38.28 26.00 25.62 18.00 17.74 
T61 108.40 114.57 173.30 172.96 58.90 58.44 72.00 71.71 22.80 22.38   
Y62 122.10 128.44 173.60 173.26 63.90 63.63 36.50 36.34     
R64 110.60 117.08  177.16 60.20 59.85 31.60 31.16     
L66  125.51  179.93  56.98  41.83     
W67  124.18  175.83 59.39 58.97 29.78 29.68 111.00 110.37   
W68  123.88  179.15 60.11 59.78 28.55 28.44 113.60 112.83   
S69 120.60 126.67  175.60 62.99 62.60 61.11 60.88     
V70 122.50 128.60  176.86 67.36 66.93 31.34 31.13 23.60 22.10 22.10 23.28 
E71 111.50 117.84  175.33 58.18 57.89 27.10 27.06 32.50 32.16 182.50 182.09 
T72  123.76 174.60 174.21 66.97 67.81 68.10 66.69  21.95   
A73  129.19 176.40 176.21 55.16 54.99 19.02 18.70     
T74 97.21 103.88 176.20 175.96 61.10 60.86 69.72 69.43 21.53 21.28   
T75 108.90 115.09 172.60 172.22 63.15 62.85 69.28 68.93 21.67 21.30   
V76 119.90 126.02 178.90 178.47 66.23 65.99 31.82 31.59 23.20 20.01 20.30 22.90 
G77 99.12 105.29 174.50 174.00 48.69 48.35       
Y78 114.10 120.29 178.20 177.74 61.66 61.33 38.38 38.05     
G79 100.10 106.08  174.07 45.52 45.16       
D80 116.60 122.81 175.60 175.32 55.57 55.15 37.44 37.01 179.50 179.18   
L81 116.10 122.38   52.95  47.74  27.60    
Y82 113.80 120.16 172.00 171.60 55.50 55.15 34.89 34.69     
V84  123.00  175.96  60.39 32.57 32.16 21.30 20.96 18.30 17.88 
T85 115.00 121.05 174.60 174.30 60.69 60.35 72.47 72.40 22.90 22.39   
L86 121.00 127.12  177.72  58.22 41.31      
W87  120.10  178.21 59.31 59.02  29.30  110.06   
G88 105.80 111.71  175.90  46.07       
R89  126.46  177.69  58.97  27.47  43.93  29.48 
L90  123.98  179.22  58.41  40.51  25.93   
V91    178.60  67.03    23.36   
A92  124.44    55.57  20.28     
V93  121.98  177.09  66.79  31.33  23.20  21.94 
V94    177.39  66.88  31.11    21.39 
V95  124.04  177.295  67.11  31.02  23.51  21.65 
M96 114.90 121.33  177.09  59.60 33.71 33.58 33.00 32.71   
V97  121.03  177.03  66.58  31.26  23.26  21.88 
A98  129.73  180.58 55.52 55.07 18.43 18.73     
G99 105.90 111.82  174.57 47.75 47.42       
I100 119.80 126.23   66.12  38.90  26.00  18.30  
T101 118.80    68.25        
S102 115.40 120.69  175.11 63.52 63.19 63.50 62.27     
F103 118.70 125.16   60.80  39.00      
G104 106.80            
T107    175.88 68.60 68.02       
A108 120.30 126.49  177.42  55.31  17.78     
A109  129.16  177.97  55.10  17.22     
A111  122.62  177.46 55.30 55.19 18.80 16.28     
T112 112.40 117.91  176.57 67.50 67.27 68.10 68.11  19.95   
W113 122.70 129.22  178.40  58.39  28.92     
V115     66.50        
G116 106.00            
E118     58.90  29.60  36.00 34.56 182.80 181.65 
Table 2.5 Comparison of the resonance assignments of KcsA in deactivated state (black)  and open 
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3. The effect of anionic lipids on the structure and function of KcsA 
Acronyms: solid-state NMR (ssNMR); 1,2- dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE); 1,2-dioleoyl-sn-
glycero-3-phospho-L-serine (DOPS); 1,2-di-(9Z-octadecenoyl)-sn-glycero-3- phosphocholine (DOPC), 1,2-di-(9Z-
octadecenoyl)-sn-glycero-3-phospho- (10-rac-glycerol) (DOPG), Dipolar-Assistant Rotation Resonance (DARR) 
 
3.1 Abstract 
Lipids play an important role in the folding, stability and gating of the membrane protein KcsA . 
Here, we study the potassium ion affinity of KcsA with solid state-NMR focusing on the effect of 
lipid composition. Our data shows that including anionic lipids into proteoliposomes leads to a 
weaker potassium ion affinity at the selectivity filter. Considering ion loss as a model of 
inactivation, our results suggest anionic lipids promote channel inactivation. In addition, our 
studies show that addition of anionic lipids might not be required in the bilayer for channel 
activation.   
 
3.2 Introduction 
3.2.1 Effect of phospholipids on potassium channel KcsA 
Bacterial potassium channel KcsA activity is known to be highly dependent on the presence of 
negatively charged phospholipids1–3. Ion conduction through KcsA is regulated by structure 
rearrangement of both extracellular selectivity filter and the intracellular pH gate.  The high 
selectivity for K+ and fast conduction rate (107 s-1) are achieved simultaneously through a 
selectivity filter consisting of a highly conserved sequence (TVGYG) common to a number of 
other potassium channels4. At low intracellular pH, residues at the C-terminal, known collectively 
as the pH sensor, are protonated, leading to a change in conformation of a helical bundle-crossing 
of the TM2 segment that opens the channel and allows the ion flow through. Subsequent to 
activation, the channel goes through C-type inactivation, a millisecond to seconds-long timescale 
process, refers to a cessation of ion flow that effectively controls the duration of activation5,6 . 
Previous studies suggest that the selectivity filter and the remote pH gate are allosterically coupled, 
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thus the protonation of pH gate residues causes the loss of ion affinity at the selectivity filter and 
renders channel inactivation. The strength of this coupling has previously been estimated by 
comparing the potassium dissociation constants (Kd) at pH 3.5 (open gate) and pH 7.5 (closed 
gate)7,8.  
 
The crystal structure of KcsA reveals the electron density of a fragment of lipid, diacylglycerol, 
with one tail sitting in the groove between pore helix and TM2 of one monomer and the other tail 
making little contact with the protein (Figure 3.1. (A)). Although the headgroup of the lipid was 
not resolved in the crystal structure possibly due to conformational heterogeneity, thin layer 
chromatography study suggests that the lipid is a phosphatidylglycerol with a PG headgroup that 
co-purified with KcsA2. Mass spectrometry and fluorescent study show that the binding is not 
exclusive for lipids with PG headgroup, but for all anionic lipids with affinity of PA>PG9,10. 
Molecular Dynamics simulation  suggests that the interaction between the specific bound lipid and 
KcsA is facilitated by hydrogen bonds between the anionic headgroup and Arg-64 and Arg-89 
from adjacent monomers (Figure 3.1(B))11.  Since the co-purified, specifically-bound lipids are 
isotopically enriched, Dr. Ben Wylie in McDermott group has tentatively assigned the 13C-13C 
peaks corresponding to lipids in SSNMR spectra. Baldus group has also independently reported 




Figure 3.1 A. Crystal structure of deactivated KcsA (1K4C) with co-purified DAG viewed from 
extracellular face. The DAG molecule is shown in pink. R64 and R89 are shown in stick mode 
and highlighted in blue. B shows the H-bonding interactions of the bound POPG molecule with 
the R64 and R89 that form the binding site. The phosphate of the headgroup forms two H-bonds 
to R89 and the glycerol of the headgroup forms two H-bonds to the R74 of the adjacent subunit. 




The absence of anionic lipids has been repeatedly reported to lead to non-conductive channels1,2,14. 
However, the detailed mechanism by which anionic lipids regulate KcsA is debated. Single 
channel recording study shows that increase the amount of anionic lipid, POPG, from 25 mol% to 
100 mol%  increase the channel open probability  from 2.5% to ~62%15. Is the channel function 
modulated by the anionic lipids in the bilayer or at the specific binding site? Iwamoto et al. 
performed single channel recording studies on an open gate mutant KcsA E71A in asymmetric 
lipid bilayers and concluded that only anionic lipids on the inner leaflet can modulate the channel 
open probability1. By mutagenesis study  they identified  positively charged residues R11 and K14 
on the N-terminal helix that stabilize the  open conductive conformation of KcsA by electrostatic 
interactions with anionic headgroups. In another study, Molina et al.  reported  that the specific 
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bound anionic lipid regulates the channel gating through a competition between protein-protein 
interaction and protein-lipid interactions, in which the interactions between R64, R89 and the non-
annular anionic lipid favor channel inactivation. Without the presence of the anionic lipid at the 
non-annular site, two KcsA channels would cluster together. Such protein-protein interactions 
disrupt the formation of  inactivation triad Trp67-Glu71-Asp80 and thus  abolish the inactivation16. 
Mutation of R64 to non-charged alanine has been consistently reported to increase the open 
probability of the channel in both single channel recording and patch clamp study17,18.  
 
Do cross peaks of the specific binding lipid move as KcsA go through conformational changes.  
What is the role of anionic lipid in KcsA channel gating ? What are the conformational differences 
of KcsA when reconstituted into lipid bilayers with different surface charges?  In this chapter, we 
use solid state NMR (SSNMR) to examine the conformation of KcsA in zwitterionic liposome 
DOPC and DOPE (Figure 3. 2) that carry no net charges at low pH (3.5-4.0) and compare it with 
the open conformation KcsA in anionic liposome DOPE/DOPG (3:1) that we assigned in Chapter 
2. In addition, we investigate the effect of the anionic lipids on KcsA ion affinity, Kd, at low pH 
(3.5-4.0).  SSNMR is a powerful tool to study membrane protein structure and dynamics under 
near-native conditions in hydrated lipid bilayers19,20. NMR studies on KcsA have provided rich 
structural information and revealed fundamental gating mechanisms8,21–24. With previous 
identified chemical shift marker peaks that are sensitive to ligand binding, we are able to quantify 
the potassium affinity, Kd, in different lipid compositions.  
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Figure 3.2 Illustration of phospholipids used in this study. The DOPG structure is annotated for 




3.3 Results  
3.3.1 Observation of the specific binding lipid with PG headgroup 
We assigned the cross peaks of PG headgroup and phospholipid glycerol backbone in our KcsA 
proteoliposome samples based on the assignments from Dr. Ben Wylie25 (Table 1) and Gary 
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Howarth (unpublished). Notably, the co-purified lipids from JM83 cells are 13C enriched here and 
the cross peaks can be observed regardless of the headgroup of the liposome we reconstituted in 
(Figure 3.3  and Table 3.2). The real temperature of the sample is about 290 K during the 
experiment and is about 30 K above the phase transition temperature of all the synthetic 
phospholipids that we used in this study (Table A2). Interestingly, the lipid peaks are not always 
shown in the spectra despite of the spectrum sensitivity. Here, we plot all the spectra and group 
them by KcsA conformations, so that all the open KcsA are displayed in panel A  and all the 
inactivated KcsA are shown in panel B (Figure 3.3). For clarity and simplification, spectra 
containing mixing states (both open KcsA and inactivated KcsA) are not included in this analysis. 
The intensities of lipid cross peaks appear to be stronger in the panel B. Since through space dipolar 
coupling efficiency attenuate by molecular motions, we conclude that the lipid with PG headgroup 
is binding more tightly with the protein in the inactivated state. However, the differences in 
physical parameters of the bulk lipid bilayer, such as charges, fluidity and curvature might 








Figure 3.3 Lipid cross peaks in 2D 13C-13C correlation spectra of (A) Open KcsA and (B) 
inactivated KcsA. All spectra were acquired at Bruker 900 MHz spectrometer with 3.2 mm HCN 
E-FREE probe, spinning at 16.666 kHz at an estimated sample temperature of 290K (VT gas 
temperature was 267 K). The detailed information of each spectrum is listed in Table 2. The 
lipid cross peaks PG3-PG2, GL3-GL2 and GL1-GL2 are annotated base on the assignments 
from Borcik et al. 25 The horizontal lines at 72.8 ppm (blue) and 71.2 ppm (yellow) correspond 







GL1 65.6 65.0 
GL2 73.0 72.8 
GL3 66.6 66.4 
PG 1 69.7 69.5 
PG 2 71.2  
PG 3 68.0  
Table 3.1 Chemical shifts of the E.coli phospholipid PG headgroup and the glycerol backbone 
assigned by Borcik et al. 25 
 
Spectrum position in figure  Experimental conditions 
Panel A_1 DOPE/DOPG (9:1), pH4 
Panel A_2 DOPE/DOPG (3:1), pH4 
Panel A_3 DOPE/DOPG (3:1), pH3.5 
Panel A_4 DOPE/DOPG (3:1), pH4 
Panel A_5 DOPC, pH4 
Panel B_1 DOPE/DOPS (9:1), pH4 
Panel B_2 DOPE/DOPG (3:1), pH4 
Panel B_3 DOPE, pH3.5 
Panel B_4 DOPE/DOPG (3:1), pH3.5 




13C (ppm) 13C (ppm) 
71.88 PG2 68.8 PG3 
72.92 GL2 66.29 GL3 
72.92 GL2 65.38 GL1 
Table 3.3 Table of the average chemical shift of each lipid peak calculated from 9 spectra listed in 
Figure 3. 3 and Table 3. 2.  The corresponding annotation can be found in Figure 3.4 (B).  
 
3.3.2 Lipids affect the conformational preferences of the gates in KcsA and the open 
conformation is stable in the absence of added anionic lipids 
Previous studies show that lipid bilayers composed by neutral charged lipids, such as POPE/POPC 
(3:1) vesicles, POPC/DHPC bicelles and pure POPC, POPE bilayers, inhibit channel conduction 
and stabilize the protein in the closed state1,2,24. To understand the mechanism and gain structure 
information of this inhibition, we reconstitute KcsA in liposomes of DOPC and DOPE,  two 
zwitterionic lipids at pH 4.0 and inspect the conformation of the channel, especially at the two 
gates, through chemical shifts. Chemical shifts are very sensitive to protein conformational 
changes and have been extensively used for characterizing ligand binding26. Previous studies show 
that cross peaks of the residues at the selectivity filter V76 Cβ-Cγ, T74 Cα-Cγ, T75 Cα-Cγ , T74 
Cβ-Cα) and pH gate (E118/120 Cγ-Cd) present distinct chemical shifts upon K+ and H+ 
binding27,28. Surprisingly, we find KcsA reconstituted in zwitterionic DOPC liposome exhibits 
open conformation, with a conductive selectivity filter and a protonated pH gate (Figure 3.4 A). 
The 2D 13C-13C homonuclear correlation spectrum of KcsA in DOPC liposome is nearly 
indistinguishable from the one collected from open KcsA in DOPE/DOPG (3:1) at pH 4.0, except 
chemical shift perturbations at peak A111 Ca-Cb (Figure 3.5 (A)) and R89 Ca-Cb (Figure 3.5 
(B)). As shown in Chapter 2, the chemical shift of  A111 Cb changes from 16.03 ppm to 17.66 
ppm with respect to the degree of  pH gate opening. Here, A111 Cb  shifts from 16.51 ppm in 
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DOPE/DOPG (3:1) to 16.87 ppm in DOPC (Figure 3. 5 (A)) implying that KcsA has a more open 
inner gate in DOPC.  Whereas, the channel is not inactivated yet, since the selectivity filter is still 
conductive. The shifts in both Ca and Cb of R89 are particularly interesting, since positively 
charged R89 is conserved in potassium channels and suggested by literatures to form interaction 
with the specifically bound anionic lipid11,29,30. Notably, the specifically bound lipid does not show 
in the spectrum when the channel is open and it is not clear if the chemical shift perturbation of 
R89 cross peak is caused by the bulk lipid DOPC in the bilayer. In contrast to KcsA in DOPC 
which is open, KcsA reconstituted into DOPE at pH 4.0, another zwitterionic lipid, shows 
collapsed selectivity filter and  protonated pH gate (Figure 3. 4 (B)). Except the marker peaks at 
the two gates, multiple residues, such as L59, I60, S69, E71, D80, Y82, R89, G99 and A111 exhibit 










Figure 3.4 Overlay of 2D 13C-13C correlation spectra of KcsA in zwitterionic DOPC liposome 
(yellow) and DOPE (red) liposome onto the spectrum of open conformation KcsA in  
DOPE/DOPG (3:1) (blue). The marker peaks at the selectivity filter V76 Cβ-Cγ, T74 Cα-Cγ, 
T75 Cα-Cγ , T74 Cβ-Cα have distinct chemical shifts at  potassium bound (conductive)  and apo 
state (collapsed), which are shown by black arrows and hollow arrows respectively. The 
E118/120 residues at pH gate were protonated at pH 4 in all three samples as indicated by the 
black arrow. (A).The spectrum of KcsA in DOPC (yellow) shows no obvious chemical shift 
perturbations to the open conformation KcsA spectrum (blue). The selectivity filter is in 
potassium bound state. (B) The spectrum of KcsA in DOPE (red) shows significant chemical 
shift perturbations for all the marker peaks  at the selectivity filter.  The selectivity filter is in the 
collapsed state. All spectra were acquired at Bruker 900 MHz spectrometer with 3.2 mm HCN 
E-FREE probe, spinning at 16.666 kHz at an estimated sample temperature of 290K. The DARR 
mixing time was 50 ms. The whole spectra are shown in Appendix 1 (Figure A1.1 and A1.2). 
The KcsA DOPC and DOPE samples were both prepared at pH 4.0 with [K+]=100 mM. The 




Figure 3.5 Overlay of 2D 13C-13C correlation spectra of KcsA in zwitterionic DOPC liposome 
(yellow) onto the spectrum of open conformation KcsA in  DOPE/DOPG (3:1) (blue) zoomed 
in at (A). A111 Ca-Cb and (B). R89 Ca-Cb. (A)Vertical lines at 16.03 ppm (grey) and 17.66 
ppm (red) correspond to the chemical shifts of A111 Cb at closed and fully open pH gate 
respectively. (B) The chemical shift of Ca and Cb are different in the two liposome.  The KcsA 
DOPC sample was prepared at pH 4.0 with [K+]=100 mM. The open conformation of KcsA was 
prepared at pH 4.0 and [K+]=50 mM. 
 
 
In addition, the heteronuclear 15N-13C 2D spectrum reveals more secrets buried underneath the 
overlapped regions in the homonuclear 2D spectrum (Figure 3.5 (A)). First, some resonances are 
only observed in the KcsA DOPC proteoliposome sample, although the overall spectrum 
sensitivity and resolution is lower than the one from DOPE/DOPG (3:1) proteoliposome sample 
(Figure 3.5 (B)). The lower sensitivity is due to the lower reconstitution efficiency with 
zwitterionic DOPC liposome compared to anionic DOPE/DOPG (3:1) liposome. Peaks that are 
missing or having significant weaker intensity in the DOPE/DOPG (3:1) sample, G79N-Y78Ca, 
G77N-V76Cgb, E71N-V70Ca, V97N-M96Cg, V76N-T75Cb, Y62N-T61Ca,W113 N-Cg, W113 
N-Cd, W113 N-Ce are mostly located at the selectivity filter and the hinge region (Figure 3.5 (C)). 
The gating hinge, G99, is a conserved glycine residue in potassium channels and charactering the 
gate opening by a bent of approximately 30º that splay open the bundle crossing31. The decrease 
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in sensitivity can be explained by a weak dipolar based magnetization transfer caused by molecular 
motions.  Moreover, The Cb of A98 peak, located closed to the gating hinge (G99),  splits to two 
peaks at 18.42 ppm and 17.95 ppm in DOPC lisposome. The splitting of Cb peak of A98 has not 
been previously reported and might indicate a slow exchange between two conformations. 
However, such conformational heterogeneity is not observed at other residues.  
 
Figure 3.6 A. Overlay of 2D NcoCX spectra of KcsA in DOPE/DOPG (3:1) (blue) with DOPC 
(gold) at pH 4.0 with 50 ms DARR mixing time. B. The 1-D slice of a row in spectrum at the 
peak A98G99. C. Peaks that are subject to changes in the two liposomes are highlighted with 
the red dotted square on the spectrum and the corresponding residues are highlighted in red on 
the crystal structure of paritially open KcsA (PDB 5VK6). 
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3.3.3 Loss of  ion affinity upon reconstitution in liposome with anionic head groups at 
acidic pH 
To investigate the effect of anionic lipids on KcsA gating, we compared the potassium ion affinity, 
Kd, in 9:1 DOPE/DOPS liposome, which carries little negative charges  and 3:1 DOPE/DOPG 
liposome, which has about 25% of lipids with anionic headgroups at pH 3.5. The normalized 
population of potassium bound (open selectivity filter) and apo state (collapsed selectivity filter) 
were quantified from peak volumes of each state and then fitted into Hill equation (see Materials 
and methods) (Figure 3.6). DOPS is likely to go into phase transition from lamellar to cubic phase32 
and forms unstable proteolipsome at pH 3.5 when the fraction is more than 10% (Appendix 1, 
Figure A.1.3), so anionic lipid DOPG was used instead for the more negatively charged liposomes. 
In addition, the bilayer composed of 75% PE and 25% PG lipids resembles the component of E.coli 
inner membrane. Our result suggests that lipids with negatively charged headgroups cause the loss 
of K+ affinity at the selectivity filter. We find a K+ affinity of 14 mM7 in 9:1 DOPE/DOPS with 
Hill coefficient of 0.9 and Kd of 92 mM in 3:1 DOPE/DOPG at pH 3.5 with Hill coefficient of 4.7 
(Figure 3.7). We acquired data of 3:1 DOPE/DOPG at pH 4.0 as well and obtain Kd of 18 mM 
with Hill coefficient of 3.3. This allosteric regulation, in which the protonation of pH gate 
significantly changes the K+ affinity at the distant selectivity filter, has been studied and quantified 





Figure 3.7 Chemical shift marker peaks at the selectivity filter (V76 Cβ-Cγ, T74 Cα-Cγ, T75 
Cα-Cγ and T74 Cβ-Cα) and pH gate (E118/120 Cγ-Cd ) obtained from 2D 13C-13C correlation 
spectra of KcsA under various potassium concentrations in 3:1 DOPE/DOPG at pH 4.0. The apo 
(collapsed) and potassium bound (open) state of the chemical shift marker peaks at the 
selectivity filter are highlighted by red and hollow red arrows respectively. The protonated 





Figure 3.8 Comparison of potassium ion affinity at selectivity filter in different lipid 
compositions at low pH. Kd value was calculated by fitting normalized K+ bound conformation 
population to Hill equation. The purple, green and yellow fitting curves represent KcsA in 9:1 
DOPE/DOPS liposome at pH 3.57, 3:1 DOPE/DOPG at pH 4.0 and  3:1 DOPE/DOPG at pH 3.5 
respectively. The K+ affinity in 9:1 DOPE/DOPS is 14 mM7 with Hill coefficient of 0.9. The Kd 
in 3:1 DOPE/DOPG at pH 3.5 is 92 mM with Hill coefficient of 4.7. The Kd in DOPE/DOPG 




In this study, we identify the cross peaks correspond to the specifically bound anionic lipid that 
co-purified with KcsA in our spectra. This result indicates that the specifically bound phospholipid 
was isotopically enriched and has a PG headgroup. This lipid might be more motional restricted 
when the channel is in the inactivated state compared to the open conformation. In addition, our 
data argue that anionic lipids in the bilayer might not be required for channel opening. DOPC and 
DOPE are known to carry little to no net charge at pH 433 and are not expected to promote ion 
conduction from previous reports. In this study, we show that KcsA in DOPC is in an open 
conformation suggested by marker peaks at the selectivity filter, gating hinge and pH gate,  despite 

















DOPE/DOPS 9:1 pH 3.5
DOPE/DOPG 3:1 pH 4.0
DOPE/DOPG 3:1 pH 3.5
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the fact that the bulk lipid has a net neutral charge. By contrast in DOPE, which is also zwitterionic 
at pH 4, the channel exhibits the inactivated state. Moreover, our results show that the open channel 
conformation in DOPC liposome and 3:1 DOPE/DOPG liposome are slightly different, in which 
the channel has a more open inner gate and more rigid selectivity filter and hinge region when 
reconstituted into the zwitterionic DOPC liposome. Indeed, lipids affect other specific changes in 
KcsA structure and function, based on headgroup shape, fluidity, curvature and other properties, 
not just on headgroup charge. Lipids with a PE headgroup were shown to stimulate tetramerization 
and facilitate the initial interfacial insertion of  KcsA34. The conical shaped headgroup of PE results 
in a negative curvature and often leads to the formation of an inverted hexagonal phase (HII) at 
elevated temperatures35. On the other hand, the cross-sectional area of the PC headgroup is similar 
to that of the acyl chain, so that the overall lipid shape is cylindrical. This type of lipid can self-
assemble into a lamellar phase resembling cell membrane. Clearly, physical properties other than 
surface charge, such as lateral pressure and curvature, tune the stable conformation of KcsA in 
bilayers as well.  
 
Furthermore, we show an effect of lipids with anionic headgroups, specifically that increased 
anionic content decreases the affinity for K+ at the selectivity filter at low pH. The reduction of ion 
affinity was shown to promote C-type inactivation7. These results support previously collected 
SSNMR data that show 70% anionic lipids in liposomes (DOPG or DOPA) leads to K+ affinity 
higher than 150 mM36. In addition, a number of electrophysiology studies support the conclusion 
that negatively charged headgroups decrease channel open probability37,38.  Based on the additional 
result that liposome consisting of 70% of cardiolipin was able to stabilize the open conductive 
state of KcsA at pH 4.0, they come to the conclusion that anionic lipids favor the open 
conformation of KcsA, namely cardiolipin content with two negatively charged headgroups.  
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It is difficult to compare these various studies, especially in terms of the experimental conditions, 
e.g. temperature, protein lipid ratio, lipid phase and morphology. We previously concluded that 
hydration and temperature have a significant effect on ion affinity 39. Moreover, the potassium 
binding events in the more anionic liposome show an all-or-nothing response in a narrow ligand 
concentration range that indicates a positive cooperativity (Hill coefficient of 4.7). Membrane 
proteins typically take up 30-50% of the area of membrane and result in a crowded environment 
with a lipid to protein number ratio of 50:140. Although there is no information on the clustering 
state of KcsA in vivo, KcsA clustering or oligomerization has been observed by several studies in 
both detergent micelles and lipid bilayers16,41–43 and  have been shown to have significant effect 
on the channel function37. It is possible that the state of KcsA clustering is tuned by the amount of 
anionic lipids.  
3.5 Material and Method 
3.5.1 Protein overexpression and purification 
Protein KcsA was overexpressed and purified as previous described7,44. 10 mg of purified KcsA 
in detergent DM were reconstituted into detergent DM solubilized liposome with LPR (w/w) of 
1:1. The protein lipid mixture were dialyzed against the buffer with desired potassium 
concentrations and pHs. The total ionic strength was kept constant at 100 mM with sodium ion as 
a compensation. The experiments carried out in 3:1 DOPE/DOPG liposome at pH 3.5 has a total 
ionic strength of 200 mM due to the drop of potassium affinity. The proteoliposome were spun 
down at 4000 rpm at 4 ºC and packed into 3.2 mm rotor after 3-5 freeze thaw cycles. For HR-
MAS, samples were unpacked and resuspended in their respective buffers and containing 10 % 
D2O and 10 mM DSS and packed by centrifuge into 4 mm MAS rotors.  
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DOPG samples for solution NMR were prepared by drying 50 mg of 1,2-di-(9Z-octadecenoyl)-sn-
glycero-3-phospho- (10-rac-glycerol) obtained dissolved in chloroform (Avanti) over N2 gas to 
form a film and subjected to vacuum for 30 minutes. Liposomes were formed by bath sonication 
of the lipid film with 40 µl of 100 mM KCl, 50mM tris base, pH 7.25 for 10 minutes. Lipid 
solutions were extruded through a 0.1 um polycarbonate film 10 times, D2O to 10 % and DSS to 
10 mM were added to the solution before NMR.  
 
3.5.2 NMR spectroscopy 
The 13C-13C dipolar assisted rotational resonance (DARR45) experiments with 50 ms mixing time 
were performed on 900 MHz spectrometer with a MAS rate of 16.666 kHz and a set temperature 
of 267 K. Proton decoupling with the SPINAL6446 scheme at 90 kHz was applied during 
acquisition. The recycle delay was 2.5 s.  
 
The spectra were processed with NMRPipe47 and peak integration were done in Sparky48. 
Nmrglue49 were used for visualization and plotting. The normalized population of K+ bound state, 
q, were calculated by θ = (Volume𝐾B𝑏𝑜𝑢𝑛𝑑)/(Volume𝐾B𝑏𝑜𝑢𝑛𝑑 + 𝑉𝑜𝑙𝑢𝑚𝑒𝑎𝑝𝑜) . The 
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4. TmDOTP : An NMR- based Thermometer for Magic Angle Spinning NMR 
Experiments 
Portions of this chapter have been adapted from Zhang, D; Itin, B ;McDermott, A.E. “TmDOTP: An NMR-




Solid state NMR is a powerful tool to probe membrane protein structure and dynamics in native 
lipid membranes. Sample heating during solid state NMR experiments can be caused by magic 
angle spinning and radio frequency irradiation, and produces uncertainties in the sample 
temperature and temperature distributions, which can in turn lead to line broadening and sample 
deterioration. To measure sample temperatures in real time, and to quantify thermal gradients and 
their dependence on radio frequency irradiation or spinning frequency, we use the chemical shift 
thermometer TmDOTP, a lanthanide complex. The H6 TmDOTP proton NMR peak has a large 
chemical shift (-176.3 ppm at 275 K) and is well resolved from the protein and lipid proton 
spectrum. Compared to other NMR thermometers (e.g., the proton NMR signal of water), the 
proton spectrum of TmDOTP, particularly the H6 proton line, exhibits very high thermal sensitivity 
and resolution. In MAS studies of proteoliposomes we identify two populations of TmDOTP with 
differing temperatures and dependency on the radio frequency irradiation power. We interpret 
these populations as arising from the supernatant and the pellet, which is sedimented during sample 
spinning. In this study, we demonstrate that TmDOTP is an excellent internal standard for 
monitoring real-time temperatures of biopolymers without distorting their properties or obscuring 
their spectra. Real time temperature calibration is expected to be important for the interpretation 




Magic angle spinning (MAS) solid-state nuclear magnetic resonance (SSNMR) is a powerful  
technique for studying biomolecules1, including: protein assemblies in near native conditions2 
membrane proteins3–5 and amyloid fibrils6–8. SSNMR provides atomic information on protein 
molecular structure and motions. Restricted global molecular motions in solids allow for the 
retention of dipolar coupling, which enables direct measurement of distances and local 
orientations. Many of the most exciting developments in SSNMR however, involve pulse 
sequences with long and strong radio frequency (RF) irradiation elements. Sample heating from 
magic angle spinning and RF irradiation has been cause for concern9,10. Elevated and uncalibrated 
temperatures within the sample complicates the interpretation of dynamics and other properties. 
Moreover, heating gradients within the MAS rotor may contribute to peak broadening. 
 
Sample heating originates in part from friction between bearing gas and the rotor during MAS10,11. 
Heat is also generated from RF irradiation during high power decoupling due to inductive and 
dielectric losses9,12,13. The inductive loss originates from dissipative eddy currents that are caused 
by oscillating B1 field. The loss is proportional to the sample conductivity and quadratic with the 
frequency, which are not freely variable in practice for most experiments on biological samples14. 
Dielectric loss is derived from the dissipative interaction between electric dipoles or charges and 
the oscillating electric field originating from the potential difference across the coil.The 
absorption of RF energy is maximized when ωτ = 1, where ω represents the frequency of the 
oscillating field and τ is the characteristic relaxation time of the dipole13,15. The dielectric loss is 
not solely dependent on the sample conductivity and is thus difficult to calculate16. RF heating is 
of particular concern in SSNMR experiments on biological samples due to the resistive losses from 
the high concentration of ions in typical biological buffers and the dielectric losses from the 
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presence of permanent dipoles such as constrained water molecules and hydrated lipids which have 
relaxation times on the order of the reciprocal B1 frequency15,17–20. Therefore, attention has been 
placed on reducing dielectric losses by decreasing coil inductance, leading to advances such as the 
scroll coil, z-coil, Doty XC coil and the low-E coil that was later adapted and commercialized by 
Bruker Biospin21–24. The low-E coil, used in this work, employs a crossed-coil design with a 
combination of a low-inductance loop gap resonator, that is tuned to the proton frequency, and a 
solenoid coil tuned to lower frequencies25. Although this design reduces the heating relative to a 
standard solenoid, it is nevertheless of interest to characterize heating effects in the low-E probe 
in-situ and develop convenient tools to monitor the sample temperature in real time during SSNMR 
experiments. 
 
Here, we use thulium 1,4,7,10-tetra-azacyclododecane-l,4,7,10-tetrakis (methylene phosphonate) 
TmDOTP5- (CAS: 30859-88-8), specifically the H6 proton chemical shift in this compound, as an 
internal thermometer for biological samples during SSNMR experiments (Figure 4.1.(A)). 
TmDOTP5- is a water soluble paramagnetic complex, which is known to have strongly temperature 
dependent chemical shifts for 1H, 13C and 31P (Figure 4.1. (B))26. Compared with other compounds 
that have excellent thermal resolution in chemical shifts, such as Pb(NO3)2, KBr or Sm2Sn2O718, 
the proton spectrum of TmDOTP5- is convenient to measure as a solute in the sample of interest, 
i.e. without changing samples or probe tuning. The H6 proton was chosen for its moderately high 
temperature sensitivity and relatively narrower linewidth as compared to the five other 
nonequivalent protons27. TmDOTP has previously been demonstrated to serve as a chemical shift 
thermometer in solution NMR and solid state NMR, and was used to characterize NMR probes in 
several studies14,25,28. Due to its low toxicity, TmDOTP5- has been applied to clinical magnetic 




Figure 4.1 (A) Molecular structure of TmDOTP with H6 highlighted and portion of the 1H NMR 
spectrum of 25mM TmDOTP. The sample contains KcsA proteoliposome and 25mM TmDOTP.  
H6 is at -176.3 ppm while H1 is -218.8 ppm. (B) Overlay of the spectra of the H6 proton in 
TmDOTP acquired at various temperatures. All spectra were collected on 900 MHz with MAS 
frequency at 5 kHz. Chemical shift was referenced to the DSS  at 0 ppm.  
 
4.2.1 NMR sample preparation 
TmDOTP (Macrocyclics, Inc.) solutions were made with 25mM TmDOTP (molecular weight: 
914.2 g/mol), 20 mM MOPS and 100 mM KCl at pH 7.5 in 99.96% D2O (Sigma). Although this 
compound is famously stable in biological media, the use of fresh material and verification with 
Mass Spec or NMR is advised because of finite shelf life of the compound. 10mg wt-KcsA was 
overexpressed and reconstituted into 3:1 DOPE/DOPG (wt/wt) liposomes as described 
previously29. The proteoliposome sample was resuspended and incubated with a buffer containing 
TmDOTP (conditions as above) for 2 hours before packing into a standard-wall zirconia Bruker 
3.2mm rotor with a silicon spacer on the top.   
 
4.2.2 NMR Spectroscopy 
Experiments were carried out using a 3.2 mm standard-bore E-free probe and 1.3 mm HCN probe 
on a Bruker Avance II 900 MHz spectrometer. The temperature was regulated with VT gas (flow 
rate 1070 L/hr) and a heater in the probe. The temperature sensor is located in the probehead. The 
VT control unit was calibrated using the chemical shift difference between the -CH3 and -OH 
groups of methanol30. The temperature of the system was allowed to equilibrate for at least 15 
minutes after each temperature change. The pulse sequence used to measure heating from RF 
irradiation is shown in Figure 4.2. 𝜏V  represents the duration of the heating pulse, which was 
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selected to mimic typical times used for high power decoupling. Unless otherwise specified, 𝜏V 
was 30 ms and the recycle delay was 1 s.  𝜏5  is a variable delay time to study cooling after 
irradiation. Owing to the short T1 of the TmDOTP H6 proton (~ 800 µs), 𝜏5 was typically 5ms 
(unless otherwise specified), thus limiting heat dissipation before acquisition. A short spin echo 
(𝜏/ = 40 µs) is added before acquisition to suppress TmDOTP H1 signals, which also has a larger 
temperature slope (ppm/K) and could interfere with H6 signal at high temperature. The one-
dimensional MAS spectra were acquired using 8 dummy scans and 512 co-added scans. The 
chemical shift of 1H was externally referenced to DSS at 0 ppm.  
 
The 13C-13C dipolar assisted rotational resonance (DARR31) experiments with 50 ms mixing time 
were performed on the same 900 MHz spectrometer with a MAS rate of 16.666 kHz and a set 
temperature of 267 K. Proton decoupling with the SPINAL6432 scheme at 90 kHz was applied 
during acquisition. The recycle delay was 2.5 s. The 1H and 13C Dual-Receiver DARR experiment 
was performed on 3.2 mm standard-bore E-free probe with Bruker Avance NEO spectrometer 
operating at 700 MHz. The MAS rate was 12.5 kHz and VT gas flow was 2000 l/h. SPINAL64 
decoupling was applied at ω1/2π = 90 kHz on the proton channel during acquisition (15 ms) and 
the recycle delay was 2 s. All data were processed in NMRPipe and 13C chemical shift was 




Figure 4.2 1H pulse sequence used to measure the temperature increase from RF irradiation. The RF 




4.3 Results and Discussion 
4.3.1 1H NMR signals of H2O and TmDOTP provide precise temperature 
measurements 
The water chemical shift is known to be sensitive to temperature and has been employed as an 
internal thermometer in several studies19,20,33. We compared the temperature dependence of the 
chemical shift of the H6 proton in TmDOTP to that of the water proton in the same sample on 900 
MHz with 3.2 mm E-free probe (Figure 4.3). The temperature dependence of the H6  proton in 
TmDOTP, 1.06 ±0.04 ppm/K, is 2 orders of magnitude larger than that of water (-1.1x10-2±0.1x10-
2 ppm/K), while the full width at half maximum (FWHM), (1.5±0.6 ppm), is one order of 
magnitude larger than that of water (0.12±0.01 ppm). The uncertainty in the calculated temperature 
dependencies were dominated by fitting error from linear least square fitting. The error from 
chemical shift reading and temperature calibration are both a magnitude smaller than the fitting 
error. Overall, TmDOTP allows for more accurate and precise temperature measurements than 
water. The homogeneous linewidth of the H6 proton calculated from 1/pT2 was about 980 ± 60 Hz 
at sample temperature of 276.5±0.1 K (with a VT gas temperature of 275K and spinning frequency 
at 5 kHz). The offset between homogeneous linewidth and the actual linewidth, 2.2 kHz (acquired 
at the same temperate) is presumably due to inhomogeneous broadening.  
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Figure 4.3 The temperature dependence of the chemical shift of the H6 proton in TmDOTP (blue) 
and of the water proton (orange). 𝛥δiso is the change in chemical shift relative to the shift at VT 
gas temperature of 275 K. All spectra were collected on a Bruker Avance II 900 MHz spectrometer 
equipped with a 3.2 mm standard-bore E-free probe. The spinning frequency was at 5 kHz and gas 
flow rate was 1070 l/h. The dashed lines represent a linear least squares optimized fit to the data:  𝛿𝑖𝑠𝑜,\]^_\` = 1.06	(dd]N )	𝑇 − 291 (ppm); 	𝛿𝑖𝑠𝑜,fghij = −0.011(dd]N )	𝑇 + 3.03	(𝑝𝑝𝑚).	 The 
uncertainties are the stand error of regression slope, ±0.04 ppm/K and ±0.1x10-2 ppm/K for 
TmDTOP and water respectively. The error bars in both x and y dimensions for each data point 
are on the magnitude of 1 × 10l/. The ratio of slope and FWHM for TmDOTP and water are 
0.7±0.3 and 0.09±0.01 respectively. The expansion of water chemical shift vs. calibrated 
temperature is shown in supplementary information (Appendix 2, FigureA2.1). 
 
4.3.2 Sample heating due to spinning is proportional to the rotor frequency squared 
MAS induced sample heating was measured in a 3.2 mm E-free (Figure 4.4) and a 1.3 mm probe 
(Appendix 2, FigureA2.2). Samples containing just TmDOTP buffer and those containing  KcsA 
proteoliposomes were used to demonstrate that the MAS heating is sample independent. The 
spinning frequencies and corresponding sample temperatures of TmDOTP were fit to a second-
order polynomial function analogously to previous studies: T = 67	 ]Nopq 𝑣j5 − 148]Nop 	𝑣j +65	𝑚𝐾, where 𝑣j = uv5w . Notably, the H6 proton linewidth increased consistently with spinning 
frequency from 1636 Hz (at 2 kHz MAS) to 3663 Hz (at 16 kHz MAS). This increase in line width 
with increasing MAS frequency suggests that a gradient in temperature across the sample was 
caused by MAS.  The line shape also became increasingly  asymmetric with increasing MAS.   
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Figure 4.4 Sample temperature calculated from the chemical shift of the H6 proton of TmDOTP as 
a function of spinning frequency. T0 is the temperature at zero spinning asymptote. TmDOTP 
buffer (red open circle) and KcsA proteoliposome samples (blue open square) were characterized 
to demonstrate that the MAS induced heating is similar for these aqueous samples. Data for the 
TmDOTP buffer were fit to a second order polynomial function (red dash line):	𝑇 = 67	 ]Nopq 𝑣j5 −148]Nop 	𝑣j + 65	𝑚𝐾𝑇 . Data for the 1.3 mm probe is shown in the supplementary information 
(Appendix 2, Figure A2.2).  
 
4.3.3 The influence of TmDOTP on hydrated proteoliposome samples 
We compared the KcsA proeoliposome spectra with and without including 25 mM TmDOTP in 
the preparation. We observed no significant changes in chemical shifts or overall spectral quality 
(Figure 4. 5.A). KcsA, a pH activated potassium channel from Streoptomyces lividans, is used here 
since the marker peaks of the protein are known to be sensitive to pH, temperature and potassium 
ion concentration changes3,29. This result suggests that the paramagnetic nature of the TmDOTP 
complex has little to no effect on the properties of biological samples at the concentrations used. 
Marker peaks that have been assigned to the water exposed selectivity filter residues T74, T75 and 




Figure 4.5 KcsA proteoliposome spectra with and without 25mM TmDOTP. (A) Overlay of 2D 
13C-13C correlation spectra of KcsA (blue) and KcsA with 25mM TmDOTP (red) both in 
DOPE/DOPG (3:1) liposomes at pH7.5. Spectral regions containing KcsA selectivity filter marker 
peaks are highlighted and shown in (B) V76 Cβ-Cγ (C) T74 Cα-Cγ and T75 Cα-Cγ (D) T74 Cβ-
Cα and T75 Cβ-Cα. The data suggest no significant changes in protein structure and conformation 
state, and no changes in spectral quality with the addition  of 25mM TmDOTP.  
 
4.3.4 RF heating is linear with pulse power, pulse length and duty cycle 
To examine the heating of a biological sample during RF irradiation, the pulse sequence shown in 
Figure 4.2 was applied to a KcsA proteoliposome sample and the temperature was monitored using 
the chemical shift of the H6 proton in TmDOTP. The VT gas temperature was 275K and cooling 
gas flow rate was 1070 L/hr. Continuous wave (CW) irradiation (resembling typical proton 
heteronuclear decoupling field strengths) was applied and the RF power, pulse duration (𝜏V), and 
duty cycle were varied. 𝜏5 was kept small (5 ms) to limit sample cooling before acquisition. Figure 
4.6 shows that heating is proportional to the RF power, duration of the pulse and duty cycle as 
expected and documented in prior literatures13,19.  
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Figure 4.6 (A). The temperature increase indicated by the TmDOTP chemical shift is linearly 
dependent on  the RF pulse length (field strength=91 kHz, duty cycle=2.8% ). Data were fit using 
a linear least square analysis (DT=0.208t1-0.105). (B). The dependence on CW power amplitude 
is shown (𝜏V = 30	𝑚𝑠	𝑎𝑛𝑑	𝑑𝑢𝑡𝑦	𝑐𝑦𝑐𝑙𝑒 = 2.8%). Data were fit using linear least square function 
(DT=0.037P+0.032), P represents RF power.  (C). The dependence on duty cycle percentage is 
shown (field strength=91 kHz and  𝜏V = 30	𝑚𝑠, 𝜏5 = 5	𝑚𝑠); in these experiments the duty cycle 
is varied by varying the recycle delay from 0.5 s to 15 s. Data were fit using linear least square 
analysis (DT=2.860D+0.375). D represents the duty cycle percentage. All data were collected on 
a KcsA proteoliposome sample with 20 mM TmDOTP and a 3.2 mm E-free probe on 900 MHz. 
The spinning frequency was 5 kHz with sample temperature of 276.5±0.1 K (VT gas temperature 
was 275 K). 
 
4.3.5 Inequivalent RF heating on pellet vs. supernatant  
One surprising finding from our RF irradiation study on the proteoliposome KcsA sample is that 
the H6 proton in TmDOTP peak splits into two components (denoted by peak 1 and peak 2) under 
RF irradiation on 3.2 mm E-free probe (Figure 4.7). The appearance of peak 2, which has a larger 
heating slope,  only appeared under RF heating conditions, but not with MAS heating alone (Figure 
A2.3). Moreover, the temperature reported by peak 2 matches with the one calculated from water 
proton chemical shift in the sample (Figure A2.4). However, the two distinct temperature 
populations are not well resolved in water proton peaks due to the broad linewidth (130 Hz) and 
gradient in temperatures.  We assigned the two peaks to TmDOTP in the pellet (peak 1) that 
sediments to the inner rotor wall due to the centrifugal forces generated by MAS and to the 
TmDOTP remaining in the center supernatant (peak 2) based in prior work34,35; this assignment 
resulted good agreement of the temperature determined using the TmDOTP frequency with the 
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temperature based on the water peak positions. The homogeneous linewidth calculated from T2 for 
peaks 1 and 2 are 815±39 Hz and 598±22 Hz respectively. The divergent temperatures for the 
pellet vs. supernatant  might arise from different cooling speeds along the radial axis of the rotor 
and the distinct heat capacity of water vs. proteoliposome.  
 
Data collected using a 1.3 mm solenoid probe is shown in Figure A2.5. At the same field strength, 
the higher end of the distribution of temperatures observed in the sample is consistently higher on 
the 1.3 mm solenoid probe as compared with a 3.2 mm E-free probe. The 1.3 mm solenoid 
exhibited a considerable  and continuous heating gradient, which was estimated from the linewidth 
as 18 K at a field strength of 90 kHz. A significantly reduced RF loss and reduced heating and 
temperature gradient was observed on 3.2 mm E-free probe due to mitigation of dielectric loss 
with a low-inductance loop gap resonator coil.  
 
 
Figure 4.7 (A) The H6 NMR spectra of the proteoliposome sample with 20 mM TmDOTP at 
neutral pH during different RF frequencies. The VT gas temperature was 275 K. The chemical 
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shift of H6 is reported relative to that with the decoupling pulse off. Conveniently, TmDOTP has 
a slope of 1.06±0.04 ppm/K.  (B) The sample temperature changes reported by the peak 1 and peak 
2 from TmDOTP proton chemical shifts are plotted as a function of the RF power. Data were 
collected on the 3.2 mm E-free probe at 900 MHz.  
 
4.3.6 Application and significance 
Owing to the fast relaxation rate and minimal perturbation on biological sample properties, 
TmDOTP can be incorporated into SSNMR samples to monitor real time temperature throughout 
an experiment. This may be crucial for samples and measurements that are sensitive to temperature 
changes, such relaxation measurements 36. Here, we demonstrate the temperature mapping of a 
13C-13C dipolar assisted rotational resonance (DARR) experiment using 20 mM TmDOTP in KcsA 
proteoliposome sample. The experiment was carried out at Bruker 700 MHz equipped with a  3.2 
mm E-Free probe under 12.5 kHz MAS. The multi-receiver feature on AVANCE NEO enabled a 
H6 chemical shift measurement promptly following each carbon acquisition. Figure A2.6 shows 
that the temperature of KcsA sample increased about 0.5 K through the experiment caused by 
proton high power (90 kHz) decoupling during the increasing evolution time (t1). In addition, our 
data demonstrate that heating from MAS and RF radiation are not additive. In order to obtain the 
precise temperature during an experiment, it is useful to include a real time thermometer, such as 
TmDOTP, rather than simple extrapolation (Figure A2.7).  
 
4.4 Conclusion 
With a linear temperature dependency and large thermal resolution, TmDOTP is an excellent 
internal thermometer for solid state NMR experiments on biological samples. The distinct proton 
chemical shift and short T1 enable a real time in situ reading of the precise temperature in a 
biological sample. Compared with common thermometer molecules that employed in SSNMR, 
such as 207Pb in Pb(NO3)2, 119Sn in Sm2Sn2O7, and KBr, TmDOTP stands out in its low toxicity 
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and nearly negligible perturbations on sample properties. Moreover, the proton detection 
eliminates the change in probe configuration and enables real time temperature reading and heat 
distribution measurement throughout an experiment. In addition, we observed two discontinuous 
temperature population in KcsA proteoliposome sample induced by RF irradiation. The two peaks 
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Appendix 1  
Supplement to Chapter 3 
 
 
Figure A1.1 Overlay of annotated  13C-13C correlation spectra of KcsA in DOPE/DOPG (3:1) 
(blue) and DOPC (yellow) at pH 4.0 at 100 mM KCl with 50 ms DARR mixing time. The spectra 
were acquired at Bruker 900 MHz spectrometer with 3.2 mm HCN E-FREE probe, spinning at 





Figure A1.2. Overlay of annotated  13C-13C correlation spectra of KcsA in DOPE/DOPG (3:1) 
(blue) and DOPE (red) at pH 4.0 at 100 mM KCl with 50 ms DARR mixing time. The spectra 
were acquired at Bruker 900 MHz spectrometer with 3.2 mm HCN E-FREE probe, spinning at 












Figure  A1.3.  Zeta potential of 1:1 DOPE/DOPS liposome measured at pH 3.5 with A.200 mM 
KCl and B. 100 mM KCl at 25 ºC. The red, blue and green peaks represent three repeat 










Lipid pH [K+] pH gate E118/E120 K+ selective filter State 
DOPE/DOPG(3:1) 3.5 50mM(50mM Na+) Protonated  collapsed A/I 
DOPE/DOPG(3:1) 3.5 100mM Protonated Bound/collapsed A/I 
DOPE/DOPG(3:1) 3.5 150mM Protonated Bound I 
DOPE/DOPG(3:1) 4.0 10 mM protonated collapsed I 
DOPE/DOPG(3:1) 4.0 50mM (50mM Na+) Protonated Bound A 
DOPE/DOPG(3:1) 4.0 100mM Protonated Bound A 
DOPE/DOPG (9:1) 4.0 100 mM protonated Bound A 
DOPC 4.0 100 mM Protonated Bound A 
DOPE 4.0 100 mM Protonated collapsed I 
Table A1.1. A table summary of the samples used in Chapter 3and the description of the protein conformation at the 
























-11 ? ~1 
DOPG  3.1 -18 Y >1 
DOPC 25.4 
 
1 -17 Y ~1 
DOPE/DOPC 
(3:1) 
     




Figure. A1.4. The packing parameter is determined by the shape of the molecule and determines 
the aggregated structures that are formed. Figure and caption adapted from1. 
 
 
Figure A1.5. Cryo EM image of DOPC liposome before (a.) and after (b.) KcsA reconstitution. 





A1.1 Working with SMALPs KcsA 
This is a collaborated work with Dr. Guo, Youzhong. The 13C, 15N uniformly labeled cell pellets 
are provided by Allison Zhang  and purified by Guo Lab.  
Styrene-maleic acid (SMA) lipid particles (SMALPs) is an emerging method to purify membrane 
proteins. The amphipathic SMA copolymers can cut into biological membranes and form 
“nanodiscs” with the membrane protein surrounded by lipids (Figure. A6 )2. The membrane protein 
of interest can then be purified by affinity chromatography. SMALPs method is versatile and can 
be applied to  a wide range of cell types and proteoliposomes as well. It eliminates the usage of 
detergent, which might deplete the protein-associated lipids and lead to loss of function,  and 
preserves the native lipid bilayer environment. Therefore, SMALPs has become an alternative to 
detergent purification and been widely applied to downstream functional and structural studies 
including cryo-EM3, X-ray crystallography4 and SSNMR5. Here, we investigate SMALPs KcsA 













Figure A1. 6. The schematic drawing of the preparation of SMALPs by SMA polymers. The 
figure and caption is adapted from Simon et al6.  
 
Previous study  has demonstrated that the SMALPs KcsA can be reconstituted directly into planar 
lipid bilayer and reserve the same activity as detergent purified KcsA shown by single channel 
study7. Interestingly, the thin layer chromatography study reveals that KcsA SMALPs are enriched 
with anionic lipids cardiolipin and phosphatidylglycerol, which indicate a preference for these 
lipids. Even KcsA recruits its favorite lipids in SMALPs, which are usually not the same 
components of  the synthetic planar bilayer or liposomes, the single channel recording traces are 
similar to those from KcsA liposomes. Do SMALPs KcsA and detergent purified liposome KcsA 
have the same conformations at different states in the gating cycle? Here, we compare the SMALPs 
KcsA and proteoliposome KcsA in a site-specific fashion by using SSNMR.  
 
Although there are benefits  in using SMA polymers to purify membrane proteins as stated above, 
there are a few challenges as well. First, the negative charges on SMA polymers interfere with the 
 84 
Ni-affinity column, so that the imidazole concentration in elution is about 10 mM, which could 
affect the purity of the protein-SMALPs. Thus, his-tag contains more than 6 histidine is 
recommended. Second, styrene absorbs at 260 nm,  which overlaps with the UV absorption of 
proteins. This affect the protein quantification and light scattering assays. In addition, SMA is 
insoluble below pH 6.5, which constricts the experimental conditions. KcsA is a pH activated 
channel that the wild-type protein requires the change of pH to complete a gating cycle, so this 
property of the SMA polymer limits the number of states that we can study on SMALPs KcsA. 
However, new polymers that can accommodate a wider range of pH has been developed and might 
provide more opportunities in the future. All of these challenges shown in the SMALPs KcsA 
purification in this study. The signal/noise of  SMALPs KcsA 1D 13C cross polarization is half of 
the one from KcsA in proteoliposome (Fig.A7 (A)). In addition, the 2D 13C-13C correlation 
spectrum of SMALPs KcsA shows fewer cross peaks compared to the one from KcsA 
proteoliposome, though the samples packed into the 3.2mm rotor weigh about the same (~25 
mg)(Fig.A7(B)). This can be explained by the low purity of the KcsA-SMALPs due to the 
inefficient Ni-affinity column purification. The impurities might be empty SMALPs without 
KcsA. The purification of SMALPs KcsA need modifications and improvements for future 
SSNMR studies. Regardless, this alternative purification method for membrane protein provide 




Figure A1.7. (A) Comparison of 1D 1H-13C cross-polarization spectra of SMALPs KcsA (red) 
at pH 7.5 vs. KcsA reconstituted in DOPE/DOPG (3:1) liposome (blue) at pH 4 with 8 scans. 
(B) Comparison of 2D 13C-13C correlation spectra of SMALPs KcsA (red) at pH 7.5 vs. KcsA 
reconstituted in DOPE/DOPG (3:1) liposome (blue) at pH 4. Both spectra were acquired at 
Bruker 900 MHz spectrometer with 3.2 mm HCN E-FREE probe, spinning at 16.666 kHz. The 
VT gas temperature was 255K and the number of scans is 128 for the SMALPs KcsA sample . 
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Supporting Information for Chapter 4 
 
FigureA2.1. Plot of water proton chemical shift vs. temperature. All data were collected on 
900MHz and 3.2mm E-free probe. The dashed lines represent a linear least squares optimized fit 
to the data:  𝛿𝑖𝑠𝑜,fghij = −0.011(dd]N )	𝑇 + 3.03	(𝑝𝑝𝑚). 
 
 
Figure A2.2 Sample temperature calculated from 1H TmDOTP as a function of spinning frequency 
on Bruker 900 MHz and 1.3 mm probe. T0 is the temperature at zero spinning asymptote. Data 




Figure A2.3 Plot of  sample temperature calculated from 1H TmDOTP and water proton in the 
KcsA proteoliposome sample as a function of spinning frequency on Bruker 900 MHz and 3.2 mm 
probe. T0 is the temperature at zero spinning asymptote.  
 
 
Figure A2.4  The plot of RF power vs. sample temperature change calculated using the H6 proton 
in TmDOTP and water proton chemical shift in KcsA proteoliposome sample at pH 7.5. The MAS 




Figure A2.5 TmDOTP spectra obtained at different RF powers on 1.3 mm HCN Probe with MAS 
at 5 kHz. The TmDTOP  H6 proton spectra of the proteoliposome sample were collected at 275 K. 
The chemical shift of H6 was set at 0 ppm when the decoupling pulse was off. This adjustment is  
for the convenience in reading the temperature changes, since the H6 proton in TmDOTP has a 
slope 1.06 ±0.04 ppm/K. RF heating on solenoid probe shows significant large heating gradients 












Figure A2.6 Overlay of the 1H spectrum of the H6 proton in TmDOTP at the 1st (blue) and the 512 
(red) slice in indirect dimension of the 13C-13C  DARR experiment (number of scans=16). High 
power decoupling (90 kHz) was applied during evolution time t1 and the increment delay was 
28.39 µs. The experiment was carried out on a Bruker 700 MHz at 12.5 kHz MAS. The temperature 
was set at 275 K on VT controller and the VT gas flow was 2000 l/h. The KcsA proteoliposome 
sample was prepared as described in experiment and method section.  
 
 
Figure A2.7 Combined heating effects from spinning and RF irradiation (A) Sample temperature 
calculated from the H6 proton of TmDOTP as a function of spinning frequency with decoupling 
pulse on(open circle) and off (solid circle) on 3.2 mm E-free probe. (B) Sample temperature 
calculated from the H6 proton of TmDOTP  as a function of spinning frequency with decoupling 
pulse on(open square) and off (solid square) on 1.3 mm solenoid  probe. T0 is the temperature at 
zero spinning asymptote. Data were collected on Bruker 900 MHz at 275 K.
 
